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Searches for the standard model Higgs boson are reviewed from the 2 TeV run of the Tevatron with
≃ 10 fb−1 of recorded data, and from the 7 and 8 TeV runs of the LHC, with ≃ 5 and ≃ 6 fb−1,
respectively, i.e., until the July-2012 discovery of a new particle by the LHC experiments. The
CMS and ATLAS Collaborations observe independently a new boson with mass ≃ 125 GeV, mainly
through its bosonic decays in γγ, ZZ, andW+W−, consistent with the standard model Higgs boson.
The CDF and D0 experiments combine their results to see evidence of a similar particle produced
in association with a vector boson and decaying fermionically in bb¯.
PACS numbers: 13.85.Rm, 14.80.Bn
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2I. INTRODUCTION
The origin of the masses of elementary particles, one
of the remaining puzzles of the highly successful theoret-
ical model of the standard model (SM), has a potential
solution requiring the existence of only one doublet of
complex scalar fields. Then the finite mass of the SM
elementary fermions and bosons can be explained, after
spontaneous electroweak symmetry breaking (EWSB) of
the originally massless Lagrangian [1–7]. This minimal
approach could be confirmed if the remnant of such a
breaking, the Higgs boson, is observed with the couplings
and properties predicted in the SM. The SM Higgs bo-
son does not solve all problems related to the EWSB,
and is maybe only one component of the fields involved.
However, its discovery would be a major step in the fi-
nal validation of the SM in that it would show a unified
approach to the generation of boson and fermion masses.
While there are other approaches to explain EWSB, none
is so far as successful as the Higgs mechanism, so we con-
centrate in this review on the experimental searches for
such a boson. With the recent observation of a new bo-
son at the LHC, a major step forward has been accom-
plished, but a complete validation has yet to be done.
The data taking has been concluded at the Tevatron and
at the LHC for the center of mass energy of 7 TeV, while
the data are still being accumulated at 8 TeV. However,
given the crucial discovery made using these searches,
we provide a dedicated review based on the publications
which immediately followed the discovery and on the re-
sults available at that time, without extending the results
reviewed beyond discovery time.
To review these milestone results, we first briefly ex-
plain the phenomenology of the production and decay
of the SM Higgs boson, the indirect and direct con-
straints on the SM Higgs from other measurements, and
the search strategies at hadron colliders, first pioneered
at the Tevatron and then extended at the LHC. We re-
view the Tevatron experiments, and their low-mass and
high-mass analyses, then the LHC experiments, and their
searches in bosonic and fermionic Higgs boson decays. Fi-
nally we review the combinations of these searches, which
led to the discovery of a new boson by ATLAS and CMS
independently, and to the evidence, from the Tevatron,
for a particle consistent with this new boson. We con-
clude by briefly discussing the current knowledge on this
new boson and on short term prospects.
II. SM HIGGS BOSON PHENOMENOLOGY
AND SEARCH STRATEGIES
A. Phenomenology of SM Higgs Boson production
The SM Higgs boson is a CP -even scalar, and its cou-
plings to fermions and to gauge bosons are proportional
to the fermion masses, and to the squares of the bo-
son masses, respectively. The effective Higgs boson-gluon
coupling Hgg is dominated at leading order (LO) by a
one-loop graph in which the H couples dominantly to a
virtual tt pair. The much weaker effective coupling to
photons Hγγ proceeds also at LO via a loop, dominated
by a virtualW+W− pair [8]. The dominant cross section
for Higgs boson production is the gg → H (ggH) process,
which is known at next-to-next-to-leading order (NNLO)
from perturbative calculation in quantum chromodynam-
ics (QCD). This calculation is performed using a large
top-mass limit approximation and a similar calculation at
next-to-leading order (NLO) in QCD has been performed
for arbitrary top mass [9–13]. The NLO QCD correc-
tions approximately double the leading-order prediction,
and the NNLO corrections add approximately 50% to
the NLO prediction. NLO electroweak corrections range
between 0% and 6% of the LO term [14–16]. Mixed QCD-
electroweak corrections O(ααs) are also included [17].
Soft-gluon contributions to the cross sections have been
resummed at next-to-leading logarithmic (NLL), next-to-
next-to-leading logarithmic (NNLL) and partial next-to-
next-to-next-to-leading logarithmic (NNNLL) accuracy
[18–27]. Predictions for the gluon fusion cross sections at
NNLO or through soft-gluon resummation up to NNLL
accuracy and two-loop electroweak effects can be found
in Ref. [17, 27–29], including differential cross section as
a function of Higgs boson transverse momentum [30, 31].
Uncertainties are dominated by the modeling of parton
distribution functions (PDFs) and choices of fragmen-
tation and renormalization scales and are ≃ 25% at the
Tevatron and ≃ 15% at the LHC. The cross sections have
also been computed exclusively for Higgs boson produc-
tion in association with one jet [32, 33] and in association
with two jets [34][35].
At the Tevatron, the next most important production
processes are Higgs boson production in association with
vector bosons (V H), where V is a massive W or Z vec-
tor boson. The cross sections for qq → WH or ZH are
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FIG. 1: SM Higgs boson production cross sections for pp col-
lisions at 1.96 TeV [9–13, 37–49, 51–54] as functions of its
mass.
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FIG. 2: SM Higgs boson production cross sections for pp col-
lisions at 7 TeV [55], as functions of its mass.
known at NNLO for the QCD corrections and at NLO
for the electroweak corrections [36–42], with a total un-
certainty of ≃ 5%. For the vector boson fusion (VBF)
process qq → qqH , which dominates over the associated
production at the LHC, the production cross sections
are known at NNLO in QCD and at NLO for the elec-
troweak corrections, with a total theoretical uncertainty
≃ 5% [43–49], which becomes larger when exclusive re-
quirements are put on the jets [50]. For the associated
production process ttH , the cross section has been cal-
culated at NLO in QCD [51–54].
The cross sections for the production of SM Higgs
bosons are summarized in Fig. 1 for pp collisions at the
Tevatron, and in Fig. 2 for pp collisions at the LHC at√
s = 7 TeV [55, 56]. Cross sections at
√
s = 8 TeV have
a similar behavior but are 20-30% larger at low Higgs
boson mass (mH < 135 GeV).
B. Phenomenology of SM Higgs boson decay
The branching ratios for the most relevant decay
modes of the SM Higgs boson are shown in Fig. 3 as
functions of mH . For masses below 135 GeV, decays
to fermion pairs dominate, of which the decay H → bb
has the largest branching ratio. For these lower masses,
the total decay width is less than 10 MeV. For Higgs
boson masses above 135 GeV, the WW decay domi-
nates with an important contribution from H → ZZ
above threshold. The decay width rises rapidly, reach-
ing about 1 GeV at mH = 200 GeV and 100 GeV at
mH = 500 GeV. Above the tt threshold, the branching
ratio into top-quark pairs increases rapidly as a func-
tion of the Higgs boson mass, reaching a maximum of
about 20% at mH ≃ 450 GeV.
C. Standard model fits
While the mass of the SM Higgs boson is not given
by the theory, indirect constraints for the SM Higgs bo-
son mass can be derived from fits to precision measure-
ments of electroweak observables. The Higgs boson con-
tributes to the observed W and Z masses through loop
effects, leading to a logarithmic sensitivity of the ratio
of the W and Z gauge boson masses on the Higgs boson
mass. The top quark contributes to the observed W bo-
son mass through loop effects that depend quadratically
on the top mass, which thus also plays an important role
in the global fit. A global fit to precision electroweak
data, accumulated over the last two decades mainly at
LEP, SLC and the Tevatron, gives mH = 94
+29
−24 GeV or
mH < 152 GeV at 95% C.L. [57, 58]. Measurements of
the top-quark mass [173.2 ± 0.9 GeV ([59])] and of the
W boson mass [80.385± 0.015 GeV ([60])] were used for
these constraints. These results, compared to the allowed
direct search range from March 2012 are shown in Fig. 4.
D. Direct constraints from LEP
At the LEP e+e− collider, which operated between
1989 and 2000 at
√
s = 90 GeV (LEP1) or 160-209
GeV (LEP2), the SM Higgs boson is generally pro-
duced through Higgsstrahlung in the s channel,e+e− →
HZ [61, 62], where the Z boson in the final state is either
virtual (LEP1) or on shell (LEP2). The SM Higgs boson
can also be produced by WW and ZZ fusion in the t
channel [63–65], but at LEP these processes have small
cross sections. The sensitivity of the LEP searches to
the Higgs boson strongly depends on the center of mass
energy Ecm. For mH < Ecm−mZ , the cross section is of
the order of 1 pb or more, while for mH > Ecm−mZ , the
cross section is smaller by at least an order of magnitude.
Each production and decay mode was analyzed sepa-
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FIG. 3: Branching ratios for the main decays of the SM Higgs
boson as functions of its mass
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FIG. 4: Constraints from the top-quark mass, the W boson
mass and other SM measurements compared to the allowed
Higgs search range in March 2012.
rately. Data recorded at each center of mass energy were
studied independently and the results from the four LEP
experiments were then combined. Strong upper bounds
on the e+e− → ZH cross section are obtained for Higgs
boson masses between 1 keV and ≃ 115 GeV. The com-
bination of the LEP data yields a 95% C.L. lower bound
of 114.4 GeV for the mass of the SM Higgs boson [66].
The median limit expected in a large ensemble of identi-
cal experiments when no signal is present (simply called
“expected limit” in the following) is 115.3 GeV and was
limited by the collision energy achieved by the accelera-
tor.
E. Search strategies at the Tevatron
At the Tevatron, the delivered luminosity and the
Higgs boson production cross section are sufficient to
be sensitive at the 95% C.L. to a Higgs boson having
a mass between 90 and 185 GeV, i.e., significant overlap
with the LEP excluded region at lower masses, and with
the LHC. Sensitivity is strongest at lower mass, 90-120
GeV and around the H → WW threshold (≃ 145− 185
GeV) where the best expected sensitivity reaches approx-
imately 4 standard deviations. The search strategy gives
priority to direct production and the H → WW decay
mode at high mass, which allowed in 2009 for the ex-
tension of the experimental limits on the SM Higgs bo-
son mass beyond the LEP exclusion limit for the first
time after almost ten years [67], with subsequent enlarged
excluded regions [68, 69]. These results in combination
with the precision electroweak measurements showed, be-
fore the LHC produced significant results, that a mass of
the SM Higgs boson above ≃ 145 GeV was excluded at
95%C.L. [70]
At low-mass, the associated production channels
(WH,ZH) involvingH → bb¯ are the most sensitive, with
a significant additional contribution from direct produc-
tion with H →WW decay at Higgs boson masses as low
as 120 GeV. TheWH and ZH channels with H → bb¯ are
particularly important since this decay mode will prob-
ably not be observed at the 5σ level at ATLAS or CMS
before additional statistics has been accumulated after
the upgrade to the full energy foreseen for 2015. Even
though it will be measured more precisely in the LHC ex-
periments than at the Tevatron, once the full 2011-2012
statistics will have been analyzed, the contribution of the
Tevatron results will still be significant.
F. Search strategies at the LHC
The LHC was designed to have a full reach to discover
the Higgs boson, from 0.1 to 1 TeV, which is the region
where it was theoretically expected to be. The high en-
ergy of the LHC proton-proton collider substantially in-
creases the cross section for production of a Higgs boson
via gluon fusion (ggH). The cross section for vector bo-
son fusion and associated production are also enhanced.
Because of a more unfavorable signal-to-background ra-
tio in associated production (due to the initial dominant
qg or gg vs qq¯ hard interaction), the search strategy
gives priority to inclusive production and the H → γγ
or H → ZZ decay modes at lower masses, or simply
to the H → ZZ decay mode at higher masses. Both
modes allow possible discovery as soon as the available in-
tegrated luminosity is sufficient (of the order of 10 fb−1).
Also at high mass ZZ and W+W− Higgs boson decay
modes with W and Z decays to jets or Z decays to neu-
trinos have strong sensitivity. The H → WW channel
is best searched in the region around the WW on-shell
decay threshold, but does not have the mass resolution
to observe a clear resonance signal. No single channel
dominates the sensitivity, so the search is also performed
through combination of all channels. Already as of 2011
this strategy has allowed for the exclusion of a Higgs bo-
son between masses of approximately 130 to 500 GeV.
In addition, once a new particle is observed all chan-
nels are crucial to understanding its nature. In particular
the fermionic decays (in pairs of τ leptons or b quarks)
are a major source of information on fermion couplings,
but may require a higher luminosity. In both channels it
is possible to find evidence for fermionic decays and mea-
sure Yukawa couplings of the Higgs boson to the fermions
given SM couplings using data collected before the up-
grade to the full energy foreseen for 2015. The τ mode
is the stronger channel since it can be seen in all Higgs
boson production mechanisms with manageable signal to
background. Other fermionic decays will not be not ob-
servable before a significant luminosity upgrade not fore-
seen before several years, assuming SM branching ratios,
although information is gained about the Higgs boson
coupling to the top quark through the loop production
diagrams.
5G. Simulation of background and signal processes
The general strategies used to generate background
and signal processes at both the Tevatron and LHC are
summarized in this section.
i) High cross section backgroundsW/Z + jets: the SM
background processes Wqq¯ → ℓνqq¯ or Zqq¯ → ℓ+ℓ−qq¯,
where q is used to represent light partons u, d, s and
gluons (g), and higher cross section diboson processes,
are simulated using Monte Carlo (MC) matrix element
event generators such as ALPGEN[71], MADGRAPH[72], and
POWHEG[73–75]. Separate samples are generated for light
parton multiplicities and in each case samples are gen-
erated for each of the final state decay lepton flavors
ℓ = e, µ, τ . To account for the subsequent hadronization
and development of partonic showers, the matrix event
generators are interfaced to PYTHIA[76] using the M.L.
Mangano (MLM) factorization (“matching”) scheme [71]
to remove events where soft jets developed in partonic
showering overlap phase space already covered by the
matrix event generator.
ii) top-antitop, “single” top and diboson production: tt
production has been studied since the Tevatron run 1 and
is now also studied at the LHC. The electroweak produc-
tion of (single) top-quark has been observed at the Teva-
tron by the CDF and D0 collaboration in 2008 [77, 78]
and also more recently by the LHC experiments. Simi-
larly diboson production (WW,WZ,ZZ) has been mea-
sured at the Tevatron and LHC. Extensive studies of top,
single top, and diboson production have been performed
by the collaborations showing that the normalization and
kinematic distributions of these processes are well mod-
eled by a variety of programs including CompHep[79, 80],
MC@NL0[81], MADGRAPH, and POWHEG interfaced to PYTHIA.
The diboson processes WW and ZZ also have substan-
tial contributions from gluon-gluon initial states which
are generated using the specialized generators GG2WW[82]
and GG2ZZ[83] at LHC experiments. In cases where there
are multiple additional partons in the final state, the data
are not as constraining and the techniques listed in sec-
tion i) are applied.
iii) backgrounds with b-flavored quarks, Wbb¯, Zbb¯:
These production processes are generated using similar
techniques to those described above. Normalization k-
factors measured in data are applied to these associated
vector boson with b-flavored quark production processes,
as their total cross sections are not precisely predicted.
Scale factors to account for efficiency differences in sim-
ulation and data for b-jet identification are applied, as is
also the case for other processes with b-jet in the final
state.
iv) Higgs boson signal samples: these are generated
using programs such as PYTHIA and POWHEG interfaced
to PYTHIA. In the case of gluon fusion production the
kinematics calculated at NNLO can differ from leading
order generation and samples are re-weighed to differen-
tial NNLO calculations.
For each background or signal the total cross section
is normalized to the best available NLO or NNLO calcu-
lations.
III. THE TEVATRON AND THE CDF AND D0
DETECTORS
The Tevatron was a proton-antiproton collider which
completed operation in September 2011. The Higgs bo-
son searches took place during run II (2002-2011) in
which it was configured to collide beams of 36 bunches
with 1.96 TeV center of mass energy and provided an
integrated dataset of 10 fb−1 to the CDF and D0 exper-
iments (note integrated luminosities given in this review
refer to integrated luminosity delivered with the detec-
tors in an operational condition sufficient to be used in
physics analysis). The instantaneous luminosity reached
4x1032 cm2 s−1, but the effect of the overlay of multiple
interactions remained manageable.
The main components of the run II CDF and D0 de-
tectors are the tracking detectors, calorimeters and muon
detectors. Specific details of the CDF and D0 detector
subsystems are available in [84] and [85], respectively,
while here we briefly summarize their main characteris-
tics. The kinematic properties of particles and jets are
defined with respect to the origin of the detector coor-
dinate system which is at the center of the detector. To
quantify polar angles the pseudorapidity variable, defined
as η = − ln tan(θ/2), is used where θ is the polar angle
in the corresponding spherical polar coordinate system.
A. Tracking detectors
The CDF tracking system consists of an eight layer
silicon micro-strip tracker and an open-cell drift cham-
ber referred to as the central outer tracker (COT), both
immersed in a 1.4 T solenoidal magnetic field. These sys-
tems combined provide charged particle tracking and pre-
cision vertex reconstruction in the pseudorapidity region
|η| < 1.0 with partial coverage in the COT to |η| < 1.7
while the two outer layers of the silicon detector extend
the tracking capability to |η| < 2.0.
The D0 tracking system is located immediately sur-
rounding the interaction point and consists of an in-
ner silicon micro-strip tracker (SMT) surrounded by an
outer central scintillating fiber tracker (CFT). Both the
SMT and CFT are situated within a 2 T magnetic field
provided by a solenoidal magnet surrounding the entire
tracking system. The SMT is used for tracking up to
|η| < 2.5 and for vertex reconstruction. The central
fiber tracker is also used for tracking and vertex recon-
struction, and provides precise tracking coverage up to
|η| < 1.7.
6B. Calorimeters
The CDF calorimeter systems are used to measure the
energy of charged and neutral particles produced in pp¯
collisions and are arranged around the outer edges of the
central tracking volume and solenoid. These systems con-
sist of modular sampling scintillator calorimeters with a
tower based projective geometry. The inner electromag-
netic sections of each tower consist of lead sheets inter-
spersed with scintillator, and the outer hadronic sections
are composed of scintillator sandwiched between sheets
of steel. The CDF calorimeter consists of two sections: a
central barrel calorimeter and forward end plug calorime-
ters covering the pseudorapidity region |η| < 3.64. The
calorimeters can identify and measure photons, jets from
partons, missing transverse energy, and in combination
with information from other systems electron and tau
leptons.
The D0 liquid-argon calorimeter system is used for
the identification and energy measurement of electrons,
photons, and jets, and also allows the measurement of
the missing transverse energy (E/T ) of the events, typi-
cally from unobserved neutrinos. The central calorimeter
(CC) covers detector pseudorapidities |η| ≤ 1.1 and the
two additional end-cap calorimeters extend the range up
to |η| = 4.2. They are located outside of the tracking and
solenoid systems. The calorimeters are subdivided into
electromagnetic (EM) followed by fine hadronic and then
coarse hadronic sections. The intercryostat plastic scin-
tillator detectors complete the calorimeter coverage in
the intermediate pseudorapidity region 0.8 < |η| < 1.4.
C. Muon detectors
The CDF muon detector is made up of four indepen-
dent detector systems outside the calorimeter modules
and consists of drift chambers interspersed with steel lay-
ers to absorb hadrons. The central muon detector (CMU)
is mounted directly around the outer edge of the central
calorimeter module and detects muons in the pseudora-
pidity region |η| < 0.6. The central muon extension is
composed of spherical sections and extends the pseudo-
rapidity coverage in the range 0.6 < |η| < 1.0. The
central muon upgrade (CMP) surrounds portions of the
CMU and central muon extension (CMX) systems cover-
ing gaps in angular coverage and allowing excellent iden-
tification of higher momentum muons due to additional
layers of steel absorber. The barrel muon upgrade (BMU)
is a barrel shaped extension of the muon system in the
pseudorapidity region 1.0 < |η| < 1.5. The CMX, CMP
and BMU systems also include matching scintillator sys-
tems which provide timing information to help identify
collision produced muons.
The D0 muon detector system consists of a central
muon detector system covering the range |η| < 1 and a
forward muon system which covers the region 1 < |η| < 2.
Scintillation counters are included for triggering purposes
and a 1.8 T toroidal iron magnet makes it possible to de-
termine muon momenta and perform tracking measure-
ments within the muon system alone, although in general
the central tracking information is also used for muon re-
construction.
D. Triggering systems
The CDF trigger system consists of three levels. Level
one trigger hardware consists of dedicated electronics
that operate at the beam crossing frequency. The level
one trigger can identify and measure the transverse mo-
mentum of charged particles using COT information and
be combined with information from the calorimeters or
muon systems to provide a trigger for leptons. The
calorimeter trigger hardware measures energy clusters
which are used to identify jets and photons as well as
an imbalance in event transverse energy interpreted as
E/T . The second level trigger hardware at CDF refines
the measurements of the level one trigger at higher preci-
sion. The level two trigger can also include tracking and
vertexing information from the silicon detectors. The
third level of the trigger operates on commercial com-
puters (PCs) and executes fast versions of the full offline
reconstruction software.
The D0 trigger system also has three trigger levels re-
ferred to as L1, L2 and L3. Each consecutive level re-
ceives a lower rate of events for further examination. The
L1 hardware based elements of the triggers used in the
electron channel typically require calorimeter energy sig-
natures consistent with an electron. This is expanded
at L2 and L3 to include trigger algorithms requiring an
electromagnetic object together with at least one jet for
which the L1 requirement is calorimeter energy deposi-
tions consistent with high-pT jets. For muon samples,
events are triggered using the logical .OR. of the full list
of available triggers of the D0 experiment. The muon
trigger pseudorapidity coverage is restricted to |η| < 1.6
where the majority of the W+jet events (≃65%) are col-
lected by triggers requiring high-pT muons at L1. Events
not selected by the high-pT muon triggers are primarily
collected by jet triggers.
E. Physics object identification at the Tevatron
1. Lepton identification
Isolated electrons are reconstructed in the calorimeter
and are selected in the pseudorapidity regions |η| < 2.8
at CDF, and at |η| < 1.1 and 1.5 < |η| < 2.5 at D0. The
EM showers are required to pass spatial distribution re-
quirements consistent with those expected from electrons
for each section of the calorimeter. In the D0 CC region,
a reconstructed track, isolated from other tracks, is also
required to be matched to the EM shower while in CDF
7a matching track is required within the coverage of the
COT tracker.
Muons are selected by requiring a local track span-
ning all layers of the muon detector system (for D0 both
within as well as outside of the toroidal magnet). A spa-
tial match is then required to a corresponding track in
the COT (CDF) or CFT (D0). To suppress muon back-
ground events originating from the semileptonic decay of
hadrons, muon candidate tracks are required to be sepa-
rated from jets by at least ∆R =
√
(∆η)2 + (∆ϕ)2 > 0.5.
A veto against cosmic ray muons is also applied using
scintillator timing information in D0 and a specialized
tracking algorithm is used at CDF to track cosmic ray
muons passing through both sides of the detector. Muons
can also be identified as a minimum ionizing isolated
track in CDF for regions without muon coverage taking
advantage of the fact that muons interact with low prob-
ability in the material of the calorimeter leaving only a
small ionization signature..
Multivariate algorithms (MVA) [86] are used to en-
hance efficiency and background rejection in some elec-
tron and muon based analysis.
Tau lepton decays into hadrons are characterized as
narrow, isolated jets with lower track multiplicities than
jets originating from quarks and gluons. Three types
of tau lepton decays are distinguished by their detec-
tor signature. One-track tau decays consisting of energy
deposited in the hadronic calorimeter associated with a
single track are denoted as tau-type 1; tau-type 2 cor-
responds to one-track tau decays with energy deposited
in both the hadronic and EM calorimeters, associated
with a single track; and tau-type 3 are multitrack decays
with energy in the calorimeter and two or more associ-
ated tracks with invariant mass below 1.7 GeV. In D0, a
set of neural networks, one for each tau type, is applied
to discriminate hadronic tau decays from jets. The in-
put variables are related to isolation and shower shapes,
and exploit correlations between calorimeter energy de-
posits and tracks. When requiring the neural network
discriminants to be above thresholds optimized for each
tau type separately, typically 65% of taus are retained,
while 98% of the multijet (MJ) background is rejected.
In CDF boosted decision tree (BDT) based algorithms
are used for the same purpose.
2. Jets, b jets, and missing transverse energy
In CDF, jets are reconstructed using a calorimeter
based clustering algorithm, with a cone of size ∆R <
0.4. In D0, jets are reconstructed in the calorimeters
for |η| < 2.5 using the D0 run II iterative cone algo-
rithm. Calorimeter energy deposits within a cone of size
∆R < 0.5 are used to form the jets. The energy of the
jets is calibrated by applying a jet energy scale correction
determined using γ+jet events.
Jet identification efficiency and jet resolutions are ad-
justed in the simulation to match those measured in data.
At high instantaneous luminosity, the jets are further re-
quired to contain at least two tracks with pT > 0.5 GeV
associated with the primary vertex at D0.
At both CDF and D0, the identification of quarks initi-
ated by a b quark (“b tagging”) is done in two steps [87].
The jets are first required to pass a taggability require-
ment based on charged particle tracking and vertexing
information, to ensure that they originate from the inter-
action vertex and that they contain charged tracks. At
D0 a b tagging NN is applied to the taggable jets. This
NN uses a combination of seven input variables, five of
which contain secondary vertex information; the number
and mass of vertices, the number of and χ2 of the ver-
tex contributing tracks, and the decay length significance
in the x − y plane. Two impact parameter based vari-
ables are also used. At CDF the next step in b tagging
is done using a NN with similar variables but including
additional track quality information [88]. The CDF ex-
periment also employs a cut based secondary vertex tag-
ger [89]. As an example at D0 the typical efficiency for
identifying a pT = 50 GeV jet that contains a b hadron
is (59± 1)% at a corresponding misidentification rate of
1.5% for light parton (u, d, s, g) initiated jets. This oper-
ating point is typically used for events with two “loose”
(L) b-tagged jets. When tightening (T ) the identification
requirement, the efficiency for identifying a jet with pT
of 50 GeV that contains a b hadron is (48 ± 1)% with a
misidentification rate of 0.5% for light parton jets. The
event missing transverse energy (E/T )is calculated from
individual calorimeter cell energies in the calorimeter. It
is corrected for the presence of any muons and all energy
corrections to leptons or to the jets are propagated to
E/T . Both experiments identify events with instrumen-
tal E/T by comparing missing transverse energy calcula-
tions based on either reconstructed tracks or calorimeter
deposits. The CDF experiment employs an algorithm
that combines tracking and calorimeter information to
improve E/T resolution.
IV. THE LHC, ATLAS, AND CMS
EXPERIMENTS
The LHC accelerator is a proton-proton collider op-
erating at the highest energies currently attained by a
hadron collider, which started operation in 2010. During
the 2011 data taking period it was configured to collide
beams with 7 TeV center of mass energy and provided an
integrated dataset of approximately 5 fb−1 to the LHC
experiments, while during 2012 it was configured at 8
TeV and provided an integrated dataset of approximately
5.8 (5.3) fb−1 to ATLAS(CMS). The instantaneous lu-
minosity of the LHC has reached 7.7x1033 cm2 s−1 mak-
ing 20-30 multiple interactions per crossing a typical oc-
currence and creating additional challenges for triggering
on and reconstructing physics events. A proton-proton
collider at high energy provides large cross sections for
gluon-gluon or quark-quark initiated Higgs boson pro-
8duction processes such as gluon fusion and vector boson
fusion. For instance, the cross section for gluon fusion to
a Higgs boson is increased by a factor of approximately
15 compared to the Tevatron. In addition, the increase
in center of mass energy from 7 to 8 TeV correspondingly
raises the Higgs boson cross section by an additional fac-
tor of approximately 30%.
The LHC experiments are forward-backward and cylin-
drically symmetric detectors with tracking, calorimetric
and muon detector elements.
The ATLAS detector includes an inner tracking
and vertexing system, electromagnetic and hadronic
calorimetry and an outer muon detection system [90].
The inner tracking detector consists of a silicon pixel
detector, a silicon micro-strip detector, and a transi-
tion radiation tracker immersed in the field of a 2 T
solenoidal magnet which provides charged particle track-
ing and vertex finding over a large pseudorapidity range
of |η| < 2.5. The inner tracker and solenoid is surrounded
by a high-granularity liquid-argon sampling electromag-
netic calorimeter which provides electron (photon) find-
ing in the range |η| < 2.47 (|η| < 2.37). An iron-
scintillator tile calorimeter provides hadronic coverage in
the central rapidity range. The end-cap and forward re-
gions are instrumented with liquid-argon calorimetry for
both electromagnetic and hadronic measurements which
extends jet finding to |η| < 4.9. The muon spectrometer
surrounds the calorimeters and consists of three large su-
perconducting toroids, each with eight coils, a system of
precision tracking chambers, and detectors for triggering
in the range |η| < 2.4.
The CMS detector consists of a barrel assembly and
two endcaps, comprising, in successive layers outwards
from the collision region, a silicon pixel and strip tracker,
a lead tungstate crystal electromagnetic calorimeter, a
brass-scintillator hadron calorimeter, a superconducting
solenoid, and gas-ionization chambers embedded in the
steel return yoke for the detection of muons [91]. The
silicon detector provides charged particle tracking and
vertexing for b tagging over a large pseudorapidity range
of |η| < 2.5, which is well matched to the coverage of the
barrel and electromagnetic calorimeter as well as that
of the muon chambers providing coverage to |η| < 3
and |η| < 2.4 for electron and muon identification re-
spectively. The return field of the magnet allows inde-
pendent momentum measurement and triggering in the
muon chambers. The identification of photons and τ lep-
tons in hadronic decay modes is performed within the
overlapping pseudorapidity range of the tracker and elec-
tromagnetic calorimeter. Jet finding can be performed in
an expanded pseudorapidity range up to |η| < 5.0 using
forward calorimeters.
Further detail about the primary systems of the exper-
iments are given next.
A. Tracking detectors
The ATLAS tracker consists of a silicon pixel and strip
tracker and a transition radiation straw tube tracker im-
mersed in a 2.0 T magnetic field provided by a solenoidal
magnet. The strip tracker consists of four barrel layers
and nine end-cap disks at each end. The pixel detector
consists of three barrel layers and two end-cap disks at
each end. The silicon inner detector tracks charged parti-
cles over the range |η| < 2.5 typically adding three pixels
hits per track and allowing for high efficiency primary
vertex finding and b-jet identification. The transition ra-
diation tracker consists of 4 mm drift tubes configured in
a barrel region and two sets of multiple wheel endcaps.
This configuration provides high efficiency r−φ tracking
with typically 36 hits per track in the range |η| < 2.0.
Between the straws a gas mixture primarily consisting of
xenon and carbon dioxide causes ultrarelativistic charged
particles to produce transition radiation photons which
are converted to electron-positron pairs in thin foils and
leave much larger signals in some straws.
The central feature of the CMS detector is a 6 m in-
ternal diameter 3.8 T solenoidal magnet. The solenoid
provides a uniform bending field for a large volume sili-
con strip and pixel tracker. The strip tracker consists of
ten barrel layers and six end-cap disks at each end. The
pixel detector consists of three barrel layers and three
end-cap disks at each end. The tracker typically allows
12 or more hits to be found for all tracks, including three
layers of pixel hits, and allows for high efficiency track-
ing for |η| < 2.5 as well as high efficiency primary vertex
finding and b-jet identification.
B. Calorimeters
The ATLAS calorimeter uses sampling technologies
over the entire angular area of coverage. The electro-
magnetic calorimeter is a lead-liquid argon (LAr) sam-
pling calorimeter and is divided into overlapping barrel
and end-cap portions with coverage up to |η| < 3.2. The
calorimeter is divided into three barrels and two end-
cap parts, with very fine granularity in their inner lay-
ers providing excellent angular resolution for electrons
and photons. The barrel calorimeter has an extra in-
ner LAr layer that functions as a preshower detector
with high longitudinal segmentation. The mass resolu-
tion for diphotons with an invariant mass of 125 GeV is
approximately 1.5 GeV. The system has sufficient angu-
lar pointing ability to loosely associate photons with a
primary interaction vertex to reduce combinatoric back-
grounds. The hadronic sampling calorimeter is divided
into a barrel region and endcaps that cover the range up
to |η| < 3.2 with seven to ten interaction lengths of in-
strumented material. The barrel region is composed of
steel absorber plates with scintillating tile readout. The
end-cap calorimeters are based on LAr technology with
copper absorber. A forward calorimeter based on copper
9(inner) and tungsten (outer) sampling extends the pseu-
dorapidity range to |η| < 5.0 . The inner copper portion
gives the forward calorimeter the ability to perform elec-
tromagnetic calorimetry.
CMS incorporates a lead tungstate crystal electromag-
netic calorimeter and a brass and scintillator sampling
hadronic calorimeter enclosed within the solenoid. The
electromagnetic calorimeter is divided into a barrel region
and two endcaps which extend coverage up to |η| < 3.0.
The crystals have cross-sectional areas of 22x22 mm2
in the barrel and 29x29 mm2 in the endcap, and the
calorimeter material has a Moliere radius of 21 mm lead-
ing to narrow showers and good angular resolution. The
end-cap calorimeter has two layers of silicon detectors
interleaved with lead layers configured as a preshower
detector. The excellent energy and good angular reso-
lution of the calorimeter gives a diphoton mass resolu-
tion of 1.1 GeV at a mass of 120 GeV. The hadronic
sampling calorimeter is divided into a barrel region and
endcaps that cover the range up to |η| < 3.0 with 7 to
11 interaction lengths of instrumented material. In addi-
tion there is a tail catcher calorimeter located outside the
solenoid which increases the material of the calorimeter
to at least ten interaction lengths everywhere. An iron
forward calorimeter readout by quartz fibers extends the
pseudorapidity range to |η| < 5.0 to improve measure-
ment of transverse energy and detection of missing trans-
verse energy.
C. Muon systems
The ATLAS muon system is based on the magnetic
deflection of muon tracks within large superconducting
air-core toroid magnets, instrumented with separate trig-
ger and high-precision tracking chambers. The magnetic
field is generated by three toroids, one in the barrel re-
gion, |η| < 1.4, and two in the end-cap regions, 1.6 < η <
2.7, with an overlapping region in between. This magnet
configuration provides a field which is mostly orthogonal
to the muon trajectories over the entire η range. Preci-
sion tracking is provided by monitored drift tubes and
cathode strip chambers, while resistive place chambers
and thin gap chambers provide fast triggering capability
based on independent measurements of the particle mo-
mentum for the central and forward regions respectively.
The CMS muon system makes use of three technologies
interleaved in the steel return yoke of the magnet; drift
tubes (central) and cathode strip chambers (forward) for
precision tracking and triggering based on tracking infor-
mation and resistive plate chambers for tracking and trig-
gering based on time measurements. The return field of
the solenoid saturates the return yoke providing a bend-
ing field for independently measuring muon momenta.
The chambers are divided into four stations with 14 lay-
ers of drift tubes or six layers of cathode strip chambers
for robust tracking.
D. Triggering
Both detectors use a multilevel triggering system. The
first level of the trigger allows for the measurement of the
momentum or energy of physics objects including elec-
trons and photons as electromagnetic energy deposits,
muons with independent measurement of the momentum
in the muon systems, jets and missing transverse energy
using full calorimeter information, and taus as narrow
jets. The event rate is reduced to approximately 100
kHz at the level one. The ATLAS experiment employs
a second level trigger which repeats physics object iden-
tification using the full granularity of the detector and
further reduces the event rate to 3.5kHz. Both detectors
employ a full event reconstruction using optimized ver-
sions of offline reconstruction code running on commer-
cial processors as a level three or high level event filter
with an output rate of about 200 Hz for ATLAS and 500
Hz for CMS.
E. Physics object identification at the LHC
Both experiments classify observed signatures in their
detectors as physics objects that can be associated with
the particles and decay products of particles produced in
high-energy collisions. Physics analysis can be performed
directly on these physics objects. The various physics sig-
natures identified by the experiments are discussed next.
1. Charged lepton identification
For electron identification both experiments use clus-
ters formed in the electromagnetic calorimeters and as-
sociate them to tracks found in the tracker by match-
ing to their extrapolated position and energy [92–94].
The clustering algorithm takes into account the typical
spread of the cluster in ϕ due to bremsstrahlung pho-
tons. Tracks are generally identified using inside-out
algorithms since the inner pixel detectors are the least
occupied tracking system due to their high granularity.
Electron candidates are required to pass requirements on
cluster shape information, energy leakage information in
the hadronic calorimeter, and track quality information.
Different operating points are defined for different levels
of selection efficiency and background rejection. Tighter
operating points with lower efficiency and better back-
ground rejection include tighter criteria on identification
requirements, requirements to reject electrons from pho-
ton conversions, and requirements on track impact pa-
rameter to reject electrons from interactions with matter
or long=lived decays. The CMS experiment employs a
BDT based multivariate electron identification algorithm
for several analyses to improve efficiency and background
rejection.
Because of the large bending fields in the muon
spectrometers of the LHC experiments, muons can be
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identified in the muon systems independently of the
tracker [94–96]. In addition muons can be identified in
the combined muon and tracking systems. Both exper-
iments form combined tracker and muon system muons
by associating independently reconstructed muons in the
muon systems to charged tracks in the tracker using po-
sition and momentum information. CMS additionally
identifies muons by extrapolating tracks into the muon
system to perform an inside-out search for compatible
muon system hits, which improves muon finding effi-
ciency at low transverse momenta. Muons used in analy-
sis are generally required to be identified in both systems,
pass minimum tracker hit and muon system segment re-
quirements, and satisfy requirements on track impact pa-
rameter to help reject decays to muons from long lived
particles and cosmic rays.
Both experiments increase the purity of identified elec-
trons and muons by requiring that the charged lepton
candidates be isolated, which rejects real and misrecon-
structed charge leptons contained within jets. The AT-
LAS experiment applies relative calorimeter based iso-
lation for electrons and relative tracker based isolation
for muons based on the total calorimeter energy or track
momenta found in a cone around the candidate divided
by the transverse energy or momentum of the candidate.
The CMS experiment applies relative particle flow based
isolation based on charge tracks; electromagnetic energy
from electrons, photons or neutral pions; and neutral
hadronic energy not associated with tracks found in a
cone around the candidate and divided by the transverse
energy or momentum of the candidate. These ratios are
required to be less than a given value which can be ad-
justed to achieve different levels of performance. The
particle flow technique as used at CMS is described in
more detail at the end of this section.
The identification of hadronically decaying τ leptons
is characterized by the presence of one or three charged
hadrons, identified as tracks with associated calorime-
ter energy, and possible narrow strips of electromagnetic
energy deposits characteristic of neutral pion decay to
photons, all contained in a narrow collimated jet [97].
The ATLAS experiment combines this information to-
gether in a boosted decision tree based multivariate dis-
criminant [98]. The CMS experiment uses a particle flow
technique to measure the charged hadrons in the tracking
detector and neutral pions as strip shaped electromag-
netic energy deposits. It also improves the mass resolu-
tion of objects reconstructed as a hadronically decaying
τ by performing a fit constraining the objects from the τ
decay to the τ lepton mass.
2. Photon identification
The identification of photons uses similar criteria to
those used for electrons except that events with a track
or track segment compatible with the electromagnetic
cluster are rejected. Photon candidates are formed from
electromagnetic clusters in the EM calorimeter [99]. The
clustering algorithm and subsequent identification crite-
ria allows for the possibility that the photon converts to
an electron pair. Photon candidates are required to pass
requirements on cluster shape information and energy
leakage information in the hadronic calorimeter. The
ATLAS experiment additionally applies isolation require-
ments, while the CMS experiment includes the above
criteria and isolation information in a BDT algorithm
designed to reject non prompt sources of photons. The
ATLAS experiment also uses the longitudinal segmenta-
tion of its EM calorimeter to require that the photons
are compatible with pointing to the primary high trans-
verse momentum interaction vertex. In cases of conver-
sion early in the material of the tracker, both experi-
ments reconstruct the electron-position conversion pairs
when possible. In this case the vector sum of the track
momenta are required to point toward the primary inter-
action vertex.
3. Light and heavy flavor jets
Jets are generally reconstructed using the anti-kt algo-
rithm based on calorimeter clusters [100]. The excellent
granularity of the LHC detectors allows for the effective
use of such an iterative clustering-based jet-finding algo-
rithm. Raw jet energy measurements are corrected for
imperfect calorimeter response using correction factors
from studies of detector response in test beam data, MC
simulations, and collision data. In high pileup conditions
jets can be required to point to the hard interaction ver-
tex. Heavy flavor jets, or jets originating from b quarks,
are found based on the positive track impact parame-
ter significance of tracks and reconstructed secondary
vertices [101, 102]. The ATLAS experiment combines
the track impact parameter significance information to
form a likelihood ratio quantifying whether a jet origi-
nates from a b-flavored parton or light parton. A second
likelihood is formed using secondary vertex information
including decay length significance and vertex mass infor-
mation. The further use of a likelihood or similar tech-
nique allows the results of the two types of algorithms
to be combined into a single continuous b-flavored jet
identification variable. The experiments define multiple
operating points with different selection efficiencies and
background rejection. As an example using this type of
information both experiments can achieve 50% efficiency
with a factor of 1000 in background rejection.
4. Missing transverse energy
Both experiments use measurements of missing trans-
verse energy to identify events with neutrinos [103, 104].
The ATLAS experiment measures the visible energy us-
ing electromagnetic clusters corrected for the average
hadronic component and corrected for the transverse mo-
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mentum of identified muons. The magnitude and direc-
tion of the missing transverse energy are obtained from
the energy imbalance in the transverse plane. The CMS
experiment uses a a particle flow method to measure the
visible energy and infers the E/T measurement in the same
way. The E/T measurement can be improved in the pres-
ence of high pile-up by using associated objects to cal-
culate the E/T for a given vertex. The excellent tracking
efficiency and z coordinate resolution of the experiments
are essential for this technique. In addition events with
false E/T from jet mismeasurement are identified by meth-
ods such as checking whether the E/T is collinear with
jets or charged leptons or comparing different methods
of the E/T measurement such as those based solely on re-
constructed charged tracks or calorimeter energy cluster
information.
5. Particle flow
In CMS, jet and missing transverse energy recon-
struction, and τ lepton identification are substantially
improved by using particle flow identification tech-
niques [105, 106] that classify detector signatures as
charged or neutral hadrons, photons, or charged leptons
using combined information from the tracker, calorime-
ters, and muon detectors. Electrons, photons, and neu-
tral pions are measured in the EM calorimeter. Muons
are measured in the tracker and muon detectors. Tau
leptons in decay modes involving hadrons are found com-
bining tracker information for charged hadrons and EM
information for neutral pions. Charged hadrons in jets
are measured using the tracker. Neutral energy not asso-
ciated with any of the above objects is measured as en-
ergy clusters in the EM and hadronic calorimeters. The
vector sum of particle flow objects can also be used to
identify missing transverse energy.
V. TEVATRON LOW-MASS HIGGS BOSON
SEARCHES
At lower masses (mH < 135 GeV), the dominant de-
cay of the Higgs boson is H → bb¯, but it is hopeless
to search for direct (gg → H) Higgs boson production
in this decay mode, due to the overwhelming multijet
background. However, qq¯ annihilation results in associ-
ated vector boson-Higgs boson production (V H) in pp¯
collisions with a better signal-to-background ratio than
available at a pp collider. The “primary” channels for
searching for a low-mass Higgs boson at the Tevatron,
WH and ZH production, are best studied in the ℓνbb¯,
ℓℓbb¯ or ννbb¯ final states. The lower branching ratios or
poor signal to background of the other decay modes ren-
der their sensitivity smaller than these primary channels
but are also searched for to provide additional sensitivity
in the combination of all channels.
The associated production analyses generally proceed
in three steps. The first is preselection where a high
statistics sample of events containing bosons and jets
is constructed, allowing for detailed validation of back-
ground modeling. The W and Z are required to decay
leptonically [topologies whereW or Z decay hadronically
are also searched for, but are less sensitive ([107])] to facil-
itate event triggering and selection. Electrons and muons
(including those coming from taus decaying leptonically)
allow for a relatively pure selection, but Z → νν de-
cays are also exploited. In the next selection step, at
least one jet is required to be identified as a b-quark jet,
enhancing the signal to background in separate final sub-
samples defined by the number and type of b-quark jets
found. In the final step, multivariate analysis techniques
are applied to each of the samples to further separate the
potential signal from the backgrounds.
Vector boson fusion production, associated production
with vector bosons, and direct Higgs boson production
can also be exploited when the Higgs boson decays to a
ττ pair, by making use of the kinematics of the potential
additional jets in the final state. These processes suf-
fer from significant background and so are considered as
secondary channels at the Tevatron. Another secondary
channel which is exploited at the Tevatron is inclusive
production of a Higgs boson with Higgs boson decay to
two photons. The sensitivity of this channel is low due to
the small branching ratio of this decay, typically smaller
than 0.2 %. The tt¯H production is also searched for, but
has low sensitivity.
In all the analyses, the data are separated into mul-
tiple orthogonal search samples of varying sensitivities.
The analyses are described next and all results are sum-
marized in section IX.
A. V Z with Z → bb¯ as a test of the V H search
Since the low-mass analyses use advanced multivari-
ate techniques for separating signal and backgrounds and
are obtained from low signal-to-background search sam-
ples, a crucial test has been performed considering WZ
and ZZ diboson production with Z decays to heavy fla-
vor as signal, mimicking the final states of WH and ZH
including the essential feature of resonant dijet produc-
tion. In such analyses the WW process is taken as a
background, with a normalization constrained to its NLO
cross section. These analyses, and their combination, are
performed in the same way as their Higgs counterparts.
The CDF+D0 combination displays strong evidence (4.6
σ) for such production, with a measured cross section
σ(V Z) = 4.47 ± 0.97 pb consistent with the SM predic-
tion [108]. Evidence was first seen by both collaborations
separately [109, 110] using 9.5 and 7.5 fb−1 respectively.
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B. WH → lνbb¯
The search for the process qq¯ → WH +X in which a
quark-antiquark pair leads to the production of the Higgs
boson in association with a W boson is based on a total
integrated luminosity L ≃ 10 fb−1 of collision data col-
lected by both the CDF and D0 detectors at the Fermilab
Tevatron pp¯ collider between 2002 and 2011 [111–114].
Candidate W boson events are preselected via their de-
cays to an electron or a muon plus a neutrino (W → e or
µν) while the Higgs boson is identified through its decay
mode into a pair of b quarks (H → bb¯). The experimen-
tal signature is a single isolated lepton, missing transverse
energy, and either two or three (to accommodate addi-
tional gluon radiation in the hard collision) jets, at least
one of which is required to be consistent with having been
initiated by a b quark.
To increase signal acceptance, the lepton identification
criteria are as loose as possible. This results in back-
grounds originating from MJ events, in which one of the
jets is misidentified as an isolated lepton. In the CDF
analysis, the MJ background is strongly reduced by kine-
matic cuts and by using a dedicated multivariate tech-
nique to reject this background [111]. The remaining MJ
background contribution is modeled from the data using
side-band techniques. In the D0 analysis, the MJ back-
ground contributions passing the preselection criteria in
each sample are determined from the data using an un-
binned matrix method approach [112]. The “physics”
backgrounds with similar event topologies are modeled
using Monte Carlo event generators. The SM predic-
tions are used to set the relative normalizations of all
of the generated samples, with additional normalization
factors applied to samples of W bosons + n partons gen-
erated using the ALPGEN Monte Carlo event generator.
These factors are determined at the preselection stage
where the SM Higgs boson contribution is negligible. The
predicted backgrounds model the data well in the high
statistics sample before a b-tagging algorithm is applied,
as shown in Fig. 5.
The CDF and D0 analyses proceed by subdividing the
selected sample into orthogonal subsamples based on how
many of the jets in the event, one or two, are consis-
tent with having been initiated by a heavy b-quark, and
at what level (“loose (L)” or “tight (T )”) of confidence.
CDF has five tagging categories (TT ,TL,LL,T ,L) for the
two jet sample, and two categories (TT ,TL) for the three
jet sample, while D0 uses four categories (TT ,TL,LL,T )
and two categories (LL,T ) respectively. In two b-tagged
jet events, the dominant remaining backgrounds are from
Wbb¯, tt¯, and single top-quark production. In single b-
tagged jet events the dominant backgrounds are W+
light or c-quark jet production as well as MJ background
events. To further discriminate the remaining back-
grounds from the signal, MVA techniques are applied to
each subsample. Some of the discriminant variables used
in these analyses are given in Table I.
Systematic uncertainties affect not only the normal-
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FIG. 5: Dijet mass distribution in the D0 WH analysis for
the W + 2 jet sample with 1 or 2 identified b-jets. The data
are well described by the sum of all the SM backgrounds. The
simulated signal is also represented.
rf input variable Description
E/T Missing transverse energy
MTW Lepton-E/T transverse mass
pT (ℓ-E/T system) pT of W candidate
pT (j1) pT (j2) Leading (subleading) jet pT
mjj Dijet invariant mass
pT (dijet system) pT of dijet system
∆R(j1,j2) ∆R between jets
∆φ(j1,j2) ∆φ between jets
HT Scalar sum of pT of all jets
TABLE I: Description of some characteristic kinematic input
quantities of the MVA technique used in the WH analyses.
ization of the signal and backgrounds, but also the shape
of the MVA output distributions. The influence of each
source of systematic uncertainty is studied separately for
each of the independent subsamples. Uncertainties in
the efficiencies of selection, on jet calibration, and on
the b-tagging criteria affect the precision at which the
background modeling is known. The uncertainties on
the parton density functions and the effect of renormal-
ization and factorization scales on signal and background
simulation are also taken into account. All these uncer-
tainties are allowed to affect the shape of the MVA output
distributions.
C. ZH → llbb¯
The search by the CDF and D0 collaborations at the
Tevatron for the process qq¯ → ZH+X in which a quark-
antiquark pair leads to the production of the Higgs bo-
son in association with a Z boson decaying to a pair of
charged leptons is also based on a total integrated lumi-
nosity L ≃ 10 fb−1 [115–118]. Candidate Z boson events
are preselected via their decays into e+e− or µ+µ− pairs,
and the associated Higgs boson is identified through its
decay into a pair of heavy b-quarks (H → bb¯). Candidate
events are required to have two or three jets, at least one
of which is identified as a b jet.
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In this final state, which requires two leptons, the MJ
background is negligible. The physics backgrounds are
modeled using the same Monte Carlo event generators
used in the WH analysis.
To maximize the lepton acceptance and benefit from
higher quality lepton categories, the events are classi-
fied according to the lepton types. Those having both
leptons identified with high confidence are treated sep-
arately from the others which contain loosely identified,
forward, or track-based leptons. These samples are an-
alyzed independently, allowing for an optimal sensitivity
of the search. In addition, multivariate lepton selections
are used. In CDF, to enhance the discriminating power
of the dijet invariant mass, a NN derived energy correc-
tion is applied to the jets. This correction depends on the
missing transverse energy and its orientation with respect
to the jets. In D0, jet energy resolution improvements are
obtained through a kinematic fit of the complete event,
since all particles can be detected in this process.
These analyses also proceed by subdividing the se-
lected sample into orthogonal subsamples based on the
number and the quality of the b-tagged jets in the event.
CDF has four tagging categories (TT ,TL,LL,T ) for both
the Z +2 and Z+3 jet samples, while D0 has a different
treatment using two tagging categories (TL,T ) for the
Z + 3 jet sample. CDF employs two NNs to simultane-
ously separate signal events from the dominant Z+jets
and kinematically different tt¯ backgrounds. These NNs
use various kinematic distributions, matrix element prob-
abilities, and the output of a separate jet flavor sep-
arating NN as inputs. In single and double b-tagged
jet events, the dominant remaining background is Zbb¯.
To suppress the remaining background MVA techniques
are applied to each subsample. Systematic uncertainties
are overall less important than for WH since no missing
transverse energy is involved, but most of the other sys-
tematic uncertainties are of similar magnitude to those
of the WH analyses.
D. ZH → ννbb¯ and V H → E/T bb¯
The remaining bb¯ analysis is built to detect the ZH →
ννbb¯ process but is also sensitive to WH events in which
the charged lepton is not identified, hence its alternate
label as VH → E/T bb¯. These searches are based on a total
integrated luminosity L ≃ 10 fb−1 [119–122]. Since this
final state contains no leptons, triggering on these events
and modeling the effects of the trigger requirements on
the event selection are significant challenges. Both CDF
and D0 use triggers based on E/T , with or without accom-
panying jets. The analyses are performed while studying
in parallel several control samples to monitor the under-
standing of the background. Events are required to have
significant E/T and two or three jets, well separated from
the E/T direction. For the preselection, multivariate ap-
proaches are also applied to the events to remove a large
part of the MJ background. For the final selection b tag-
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E/T bb analysis for the sample with two or three jets where
2 of the jets are tagged as b jets by the secondary vertex
algorithm. The data are well described by the sum of all the
SM backgrounds. The simulated signal is also represented.
ging is employed.
For this analysis, the preselection plays a crucial role,
given the size of the MJ background. As an example,
at D0, the preselection uses the following main require-
ments. The events must have a well-reconstructed inter-
action vertex and two or three jets with associated tracks
to ensure efficient operation of the b-tagging algorithm.
These jets must have pT > 20 GeV and |η| < 2.5 and
not be back-to-back in the transverse plane. E/T must be
greater than 40 GeV, with large significance, i.e. with
E/T values that are less likely to have originated from
fluctuations in jet energies, and the scalar sum of the
two leading jet pT must be greater than 80 GeV.
The dominant signal topology is a pair of b jets recoil-
ing against the E/T due to the neutrinos from Z decay
with the direction of the E/T at large angles relative to
both jet directions. Conversely, in the case of events from
MJ background with fluctuations in jet energy measure-
ments, the E/T tends to be aligned with a mismeasured
jet. An alternate estimate of E/T can be obtained from
the missing pT calculated from the reconstructed charged
particle tracks. This variable is less sensitive to jet en-
ergy measurement fluctuations and, in signal events, is
also expected to point away from both jets, while in the
MJ background its angular distribution is expected to be
more isotropic. A variable characterizing these features
is used to further reject the MJ background. As for the
other bb¯ analyses, the physics backgrounds are taken into
account using Monte Carlo event generators.
The preselected samples are subdivided into orthogo-
nal subsamples based on the number and the quality of
the b-tagged jets in the event. CDF has three tagging
categories (SS,SJ ,S) for the analyzed two and three jet
samples, where S represents a jet identified by a recon-
structed secondary vertex, and J represents a jet identi-
fied by the presence of tracks not pointing to the main
interaction vertex. D0 has two tagging categories for its
two jet sample (TT and LL or T ). To suppress the
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remaining backgrounds multivariate discriminant tech-
niques are applied to each subsample as in Fig. 6.
E. CDF and D0 results on H → bb¯ searches
Here we present the individual results from each col-
laboration. The results are extracted using the MVA
discriminant distributions from each subchannel of these
three H → bb¯ analyses, and then combined. The
CDF+D0 combination is discussed in Sec. IX. Here we
present the results of each collaboration, while the limits
for the three different search topologies are given in Ta-
ble IV. The statistical techniques used are described in
Sec. IX and allow for the extraction of the limit on the
signal cross section normalized to the SM expectation, or,
in case of excess, determine the p-value of the background
fluctuation. At very low mass, when combining the three
H → bb¯ topologies, CDF and D0 exclude at 95% C.L.
Higgs bosons with masses smaller than 96 and 102 GeV,
respectively. However, in the results from both collabo-
rations an observed limit above the background-only ex-
pectation is obtained for the ≃ 120-140 GeV range. In
particular, the expected or observed limits at mH = 125
GeV are 1.8 or 4.2 and 2.3 or 3.2 times the SM expec-
tation, for the CDF [123] and D0 [124] searches, respec-
tively. To quantify the excess, the local p values are cal-
culated and found to be minimal for a Higgs boson mass
of 135 GeV at CDF and D0, where the local significance
of these deviations with respect to the background-only
hypothesis is 2.7σ (1.7σ), which themselves correspond
to 2.5 σ (1.5σ) global significances after applying look-
elsewhere factors (cf. Sec. IX). These two mass values
are compatible given the resolution of the dijet mass in
these final states.
F. Searches in τh final states
Higgs boson searches using tau leptons decaying
hadronically (τh) complement those using electrons and
muons. CDF performs a generic analysis searching for
Higgs bosons decaying to τ lepton pairs originating from
direct gg → H production, associated WH or ZH pro-
duction, and vector boson fusion production [125]. A
final state consisting of one leptonic τ decay and one
hadronic τ decay or two leptonic τ decays of different
flavors eµ is required. CDF hadronic τ identification is
performed using an MVA approach. The final discrimi-
nant for setting limits is obtained combining the output
of four MVAs trained to separate a potential signal from
each of the four primary backgrounds (Z → ττ , tt¯, multi-
jet, andW+jet production). CDF also has an analysis of
events that contain one or more reconstructed leptons (ℓ
= e or µ) in addition to a τ lepton pair focusing on asso-
ciated production where H → ττ and additional leptons
are produced in the decay of the W or Z boson [126].
Events are separated into five separate analysis channels
(ℓℓℓ, eµτh, ℓℓτh, ℓτhτh, and ℓℓℓℓ). The four lepton cate-
gory includes τh candidates. The final discriminants are
likelihoods based on outputs obtained from independent
MVA trained against each of the primary backgrounds
(Z+jets, tt¯, and dibosons).
The D0 ℓτhjj analyses also include direct gg → H pro-
duction, associated WH or ZH production, and vector
boson fusion production [127, 128]. Decays of the Higgs
boson to tau, W , and Z boson pairs are considered. A fi-
nal state consisting of one leptonic τ decay, one hadronic
tau decay, and two jets is required. Both muonic and
electronic subchannels are considered. The outputs of
boosted decision trees are used as the final discriminant.
G. Searches in H → γγ
Both CDF [129] and D0 [130] searched for Higgs bosons
decaying into diphoton pairs with the full statistics (10
fb−1). The CDF analysis searches for a signal peak in
the diphoton invariant mass spectrum above the smooth
background originating from QCD production in sev-
eral detector based categories with different signal-to-
background ratios. In the D0 analysis the contribution
of jets misidentified as photons is reduced by combining
information sensitive to differences in the energy deposi-
tion from real or false photons in the tracker and in the
calorimeter in a neural network output (NNo). The out-
put of an MVA, rather than the diphoton invariant mass,
is used as the final discriminating variable. The final
MVA takes as input variables the NNo, the transverse en-
ergies of the leading two photons and the azimuthal open-
ing angle between them, the diphoton invariant mass and
transverse momentum, and additional variables, bringing
an improvement in sensitivity of ≈ 20%.
H. Searches for tt¯H production
The tt¯H production is interesting for the direct tH cou-
pling it involves, however its cross section is too small
at the Tevatron to contribute strongly to the overall
search sensitivity. CDF uses several nonoverlapping sets
of events to search for the process tt¯H → tt¯bb¯. Events
with a reconstructed lepton, large missing transverse en-
ergy, and four, five, and six or more jets are further sub-
divided into five b-tagging categories [131]. Neural net-
work discriminants are used to set limits. Events with
no reconstructed lepton [132] are separated into two cat-
egories, one containing events with large missing trans-
verse energy and five to nine reconstructed jets and an-
other containing events with low missing transverse en-
ergy and seven to ten reconstructed jets. A minimum of
two b-tagged jets is also required and events with three
or more b tags are analyzed separately from those with
exactly two tags. Neural network discriminants are used
to reject large MJ background contributions and separate
potential tt¯H signal events from tt¯ background events.
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VI. TEVATRON HIGH MASS HIGGS BOSON
SEARCHES
As the hypothesized source of electroweak symmetry
breaking, the Higgs boson has strong coupling to both
massive electroweak bosons. At Higgs boson masses
above 135 GeV the decay to a pair of W bosons is dom-
inant, but even below the threshold to produce on-shell
W bosons, the decay rate to one real and one virtual W
boson is substantial. Both experiments pursue a strat-
egy of searching for H →W+W−(∗) decay in final states
with at least one charged lepton and from all produc-
tion processes with substantial cross section. In addi-
tion, searches for the subdominant decay H → ZZ are
performed. The high-mass search has similar sensitiv-
ity to the individual searches for associated Higgs boson
production with a W or Z boson performed using the
H → bb decay mode at a Higgs boson mass of 125 GeV.
As proof of principle the experiments have observed all
of the direct diboson production processes with pairs of
heavy gauge boson in final states that are topologically
similar to those used in the Higgs boson search.
A. Diboson analysis: WW , WZ and ZZ
At the Tevatron, the diboson analyses in final states
with charged leptons are performed using the same tech-
niques used in the high mass Higgs boson search. The di-
boson searches based on leptonic and semileptonic decay
modes allow for testing analysis techniques and develop-
ing further understanding of the primary backgrounds to
the Higgs boson search. The direct SM production of the
WW [133, 134], WZ [135], and ZZ [136] have been ob-
served in leptonic decay modes with two charged leptons,
three charged leptons and four charged leptons respec-
tively. The diboson searches have also been performed
with larger datasets using the most modern lepton se-
lections, providing measurements of the WW [137, 138]
WZ [139, 140] and ZZ [140, 141] cross sections. The
combined production of WW and WZ boson pairs has
been observed in events with one charged lepton and
jets [142] and such an approach has been applied to per-
form another high-mass Higgs boson search [143]. The
combined production of all pairings of massive vector
bosons has been observed in events with one vector boson
decaying leptonically and the other hadronically [144].
B. Analysis Topologies
The analysis requirements typically require a triggered
lepton with pT > 20 GeV, possibly additional leptons
with lower thresholds, and significant E/T that is not
aligned along the direction of other physics objects in the
events. The events are then categorized into a large num-
ber of topologies that are consistent with various Higgs
boson production and decay modes. These topologies are
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FIG. 7: The angle between the lepton candidates in three
dimensions: The distribution of this angle for background
and a H →WW signal with mh = 165 GeV are compared
characterized by the number of charged leptons, whether
the leptons are the same or opposite charge, and the
number of jets. Each topology involves a limited set of
dominant signals and backgrounds allowing for optimal
discrimination, and is therefore analyzed separately. The
most sensitive analysis topology involving zero jets and
leptonic H →W+W− is described in detail below, while
the subdominant modes are briefly discussed afterward.
i) ggH →W+W− → ℓ+νℓ−ν¯+njjet [145, 146]. When
nj= 0, the signature is two opposite sign leptons, E/T ,
and no observed jets. The signal in this final state is
almost 100% produced by the ggH process. The domi-
nant background is from SM directWW production with
minor contributions from Drell-Yan production, the WZ
and ZZ diboson processes where one or more charged
leptons are not detected, and W+jets or W+γ where
a jet is misidentified as a lepton or the γ converts to
an electron-positron pair, only one of which is detected.
The strongest discriminant is the opening angle between
the leptons in two dimensions (2D) ∆φ or three dimen-
sions (3D) ∆R (Fig. 7), due to the spin correlation be-
tween the two spin one W bosons when decaying from
the scalar Higgs boson. The collinear topology of the
charged leptons also results in a low dilepton invariant
mass while Drell Yan background peaks at the Z mass
and other backgrounds at large mass. The neutrinos are
also collinear leading to larger E/T . Matrix element prob-
abilities are effective discriminants because in the zero
jet topology the final state of either Higgs boson or SM
direct WW production is well described by a leading or-
der matrix element. The transverse mass of the Higgs
boson can be well reconstructed since the neutrinos are
also collinear. The D0 experiment further subdivides
this mode by lepton flavor. CDF subdivides this analysis
into modes with two well-identified leptons, or one well-
identified lepton plus and an isolated track, and analyzes
events with low dilepton invariant masses as a separate
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FIG. 8: NN discriminant for ggH → WW → ℓνℓν + 0 jet
at CDF. The distribution for background and a H → WW
signal with mH = 165 GeV (multiplied by 10) are compared.
category.
When nj = 1, 2, the signature is two opposite sign
leptons, E/T , and observed jets. These topologies have
substantial contributions from V H or VBF where the jets
are observed from either one of the vector boson decays or
final state quarks respectively and additional background
from top pair production.
ii) V H → VW+W− → ℓ+Xℓ+ν+X [147, 148]. Asso-
ciated production events can result in events with either
same sign leptons or trileptons when the associated
vector boson decays to charged leptons. The background
includes W+jets with a misidentified lepton in the
same sign mode and SM direct WZ production in the
trilepton case.
iii) (ggH, V H,VBF) → H → WW → ℓν + ≥ 2 jet.
Higgs boson production can be searched for inclusively
in events where one of the W bosons decays leptonically
and the other W boson decays to two quark jets [149].
The dominant backgrounds are from W+jets and multi-
jet background where a jet is misidentified as a lepton.
iv) Other decay modes: The CDF and D0 experiments
also consider modes where one W boson decays to a τ
lepton which decays hadronically [150].
Finally a search for the Higgs boson is performed in the
H → ZZ mode where both Z bosons decay to charged
leptons [151]. The only significant background in this
mode is SM direct ZZ production. The Higgs boson
can be detected by looking for a narrow resonance in
the four lepton invariant mass distribution. D0 includes
acceptance for H → ZZ in other cases where less than
four charged leptons are found in the above searches.
C. CDF and D0 results at high Higgs boson mass
All these search channels select a total of approxi-
mately 75 Higgs boson events per detector for a Higgs bo-
son mass of 165 GeV. More than half of these events are
distinguished from the background with a good signal-to-
background ratio using MVA discriminants as illustrated
in Fig. 8. Examining the ∆R distribution (Fig. 7) shows
that the largest discriminating power comes from the spin
correlation variable, due to the unique scalar nature of
the Higgs boson.
No significant excess is seen in any of the high-mass
Higgs boson search modes and limits are thus extracted,
taking into account systematic uncertainties. The the-
ory uncertainties become larger in events with more jets
since, for instance, in the NNLO calculation, events with
two additional jets are calculated only at NLO accuracy.
These uncertainties are addressed following the treat-
ment by [152, 153] and included in the limit extraction.
The expected limits with respect to the SM expec-
tation for each experiment using the combination of
all high-mass Higgs boson search topologies at mH =
165 GeV are 0.69 and 0.72 times the SM Higgs boson
cross section for the CDF [154] and D0 [155] searches, re-
spectively. The experiments each achieve expected sen-
sitivity within a factor of approximately 1.5 of the SM
cross section, in the mass range mH = 140 − 185 GeV.
The CDF (D0) analysis excludes the SM Higgs boson in
the mass range mH = 148− 175 GeV (157− 172 GeV).
Additionally these searches provide strong sensitivity to
the production of a Higgs boson at lower masses. The
expected or observed limits at mH = 125 GeV are 3.1 or
3.0 and 3.6 or 4.6 times the SM Higgs boson cross section
for the CDF and D0 searches, respectively. The limits
for the different search topologies at mH = 125 GeV are
given in Table IV.
VII. LHC SEARCHES IN BOSONIC HIGGS
BOSON DECAYS
The Higgs boson searches at the LHC are performed
by decay mode. In this section we discuss each search
separately, while the combination of all search results
for each experiment is discussed in Sec. IX. Previous
searches at LEP, Tevatron, and the LHC, in addition to
indirect constraints indicated that the SM Higgs boson
had a low mass between approximately 115 and 130 GeV
with the region around 125 GeV being of highest interest.
As of 4 July 2012 the LHC experiments had analyzed
searches sensitive to this mass range and higher masses
using datasets of approximately 5 fb−1 at 7 TeV and 5.8
(5.3) fb−1 for ATLAS (CMS) at 8 TeV.
A. LHC diboson physics
The key modes for observing the Higgs boson at low
mass are the fully reconstructed γγ and ZZ decay modes.
To explore the role of the Higgs boson in electroweak
symmetry breaking the WW decay mode is also crucial.
Understanding the non-resonant continuum production
of these final states is important to control backgrounds
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in the Higgs boson searches. The LHC experiments have
observed γγ production in 7 TeV pp collisions [156].
WW [157–162] and ZZ [163–166] production has been
observed in both 7 and 8 TeV collisions and their cross
sections measured. These measurements typically use
identical selections and techniques to those of the Higgs
searches. Large samples have been collected in each de-
cay mode. With future data samples the WW and ZZ
modes can be used to study the electroweak symmetry
breaking related phenomena of longitudinal vector boson
scattering. The contribution of Higgs boson exchange to
this process should limit the otherwise divergent behavior
of this process at high energy.
B. Searches in H → γγ
The LHC experiments have the ability to reconstruct
a Higgs boson in the two photon decay mode [167–170].
The detectors are designed with the excellent energy and
position resolution necessary to accurately reconstruct
the invariant mass of two photon events. Excellent mass
resolution is critical since backgrounds from multijet,
multijet+photon, and photon+photon events are large.
This decay has a small branching ratio, since the Higgs
boson can decay only to photons through a loop diagram
involving massive charged particles. The large inclusive
production cross section at lower masses makes this a vi-
able mode for a Higgs boson observation at low mass. In
addition, observation of this mode would rule out spin 1
for the observed object.
Data are collected with diphoton triggers. Energy and
isolation requirements are made on the photons to reduce
backgrounds. Converted photons are also used and pro-
vide good energy and position resolution when electron
pairs can be reconstructed by the trackers. The ATLAS
experiment reduces background by using the longitudinal
segmentation of the calorimeters to select photons that
point to the hard interaction vertex.
Both experiments apply a separate selection for events
with two forward jets to focus on a vector boson fusion
like topology which has excellent sensitivity achieving
a signal to background that is an order of magnitude
greater than in topologies without forward jets typical
of gluon fusion production. In the ATLAS experiment,
to optimize sensitivity, events are further divided by
whether photons are converted or not and by which pseu-
dorapidity region of the detector they are reconstructed
in, since these classes result in different diphoton mass
resolution and as a result different signal to background.
Finally, events are classified by the transverse momen-
tum of the diphoton system since backgrounds are sub-
stantially reduced at high values. In the CMS experiment
the output of a dedicated photon identification BDT, the
transverse momentums of the photons, the opening an-
gle between the photons, the pseudorapidity of the pho-
tons, and the estimated mass resolutions of the diphoton
system are used to classify events by expected signal-
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FIG. 9: Invariant mass of diphoton events in the ATLAS
experiment. The results are presented with and without event
weighting by an expected signal-to-background ratio.
to-background ratios using a BDT multivariate discrimi-
nate. An investigation of the categories formed by select-
ing on the BDT output indicates that divisions based on
the transverse momentum of the diphoton system, the de-
tector pseudorapidity region of the photons, and whether
the photons are converted or unconverted largely deter-
mines the classification of events.
The sensitivities of the individual categories are taken
into account when calculating the overall sensitivity of
the analysis and when determining exclusions or signal
significances. The collaborations weight events by ex-
pected signal-to-background ratio when displaying the
diphoton mass distribution to give a visual representa-
tion of the benefit of this classification.
Using the two photon invariant mass distribution to
search for the Higgs boson, regions at both low mass
and higher mass have been excluded by both experiments
leaving only a narrow region of mass unexcluded. The
ATLAS experiment excludes the regions 112-122.5 and
132-143 GeV. This exclusion extends the lower exclusion
bound of the LHC searches below the upper exclusion
bound from the LEP searches, and when combined with
other searches excludes the entire mass range below 600
GeV except for the narrow allowed region around 125
GeV.
These analyses have a strong sensitivity to the produc-
tion of a low-mass Higgs boson of around 125 GeV with
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the expectation of observing approximately 200 events
per experiment at that mass. In that region both ex-
periments see a significant excess of events. The ATLAS
diphoton invariant mass distributions both weighted by
signal-to-background ratio and unweighted are shown in
Fig. 9. The corresponding CMS diphoton invariant mass
distributions are shown in Fig. 10.
The ATLAS experiment sees a 4.5σ excess of events
compatible with a narrow resonance of mass 126.5 GeV
with a signal strength of 1.9± 0.5 times the SM expecta-
tion. The CMS experiment sees a 4.1σ excess of events
compatible with a narrow resonance of mass 125 GeV
with a signal strength of 1.6 ± 0.4 times the SM expec-
tation. The strong evidence seen by both experiments in
this single decay mode indicates that a new boson has
been observed and strongly disfavors spin one as a possi-
ble spin value. Further characterization of this excess is
given next.
C. Searches in H → ZZ → ℓ+ℓ−ℓ+ℓ−
Unique to the LHC experiments is the ability to ob-
serve the Higgs boson over a large range of masses
through inclusive production and H → ZZ → ℓ+ℓ−ℓ+ℓ−
decay [171–174]. In the CMS search the charged lep-
tons from Z decay considered at 7 TeV include the τ lep-
tons [175]. The LHC experiments are designed to provide
large angular coverage for lepton identification in order
to detect events in this mode at an adequate rate. Be-
cause of the excellent lepton momentum resolution of the
experiments, the Higgs boson mass can be reconstructed
with sufficient precision that background rates are very
low and event counts on order of 10 events are sufficient
for discovery. With the assumption of SM production
rate the coupling to the Z boson can be measured, and,
by comparison with the WW mode, the ratio of W and
Z couplings can be measured. Finally, with larger data
samples than reported here, the spin and parity of a
possible Higgs boson can be determined solely from this
mode using an angular analysis of the decay products.
Data are collected using single and dilepton (CMS)
triggers. Transverse momentum requirements are made
on the leptons to reduce backgrounds. Advanced tech-
niques such as multivariate lepton identification are ap-
plied to maximize lepton finding efficiency. The CMS
experiment improves mass resolution by using an algo-
rithm designed to detect and recover the momentum of
final state photons radiated by the leptons. ATLAS in-
corporates a similar technique as part of its electron mo-
mentum fit. In ATLAS one opposite charge same flavor
pair of leptons is required to be consistent with the Z bo-
son mass. After these requirements the most significant
background is direct SM ZZ production. A Higgs boson
signal can be distinguished from the background by look-
ing for a narrow resonance in the four lepton invariant
mass distribution. For a Higgs boson mass of 125 GeV
the ATLAS and CMS experiments expect ≃ 10 events
each.
The performance of the four lepton search including
selection efficiency estimates and the scale and resolu-
tion of the four lepton invariant mass is tested by both
experiments by searching for the four lepton final state
produced by a Z boson where one initial decay lepton ra-
diates a photon which converts to a lepton and antilepton
pair Z → 4ℓ. With looser selection on lepton transverse
momentum and the dilepton masses of same flavor op-
posite sign pairs this mode can be detected with sub-
stantially higher statistical precision than a Higgs boson
at lower mass. Both experiments perform this analysis
within the framework of the Higgs boson search anal-
ysis and observe this decay with the expected perfor-
mance [172, 174, 176].
In both experiments the dominant SM ZZ background
is estimated from simulation normalized to NLO cross
section predictions. In ATLAS the backgrond from
ℓ+ℓ−+X events, which is dominated by Z+bb¯ and tt¯
events, is estimated by measuring the normalization of
these backgrounds using selections designed to select non-
prompt muons or nonisolated electrons, which are more
likely to originate from b jets, and using a transfer factor
from simulation to extrapolate the background predic-
tion to the signal region. In CMS the backgrounds from
Z+X events and tt¯ are estimated in a control region with
one same flavor opposite charge dilepton pair with an in-
variant mass consistent with the Z boson and additional
objects. Using a subset of events from this region with
one additional identified lepton the probability for an ob-
ject to be falsely identified as a charged lepton from Z
decay is measured. That misidentification rate is applied
to determine the number of events with a Z boson and
two additional lepton candidates that are not from Z bo-
son decay in the signal region.
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FIG. 11: The four lepton invariant mass distribution from
the ATLAS experiment. The data are displayed as point and
the background expectation as a histogram. Several SM Higgs
boson signal contributions are included for different hypothet-
ical Higgs boson masses. Background Z+jets and tt¯ bottom,
background ZZ middle and Higgs boson signal top.
Both experiments use the four lepton invariant mass
distribution to search for a Higgs boson. CMS further
uses angular information based on the expected scalar
spin zero and parity even nature of the Higgs boson in
a matrix element likelihood analysis(MELA). Based on
the searches large regions at high mass are excluded.
The ATLAS experiment excludes the regions 131-162 and
170-460 GeV, while the CMS experiment excludes the
regions 131-162 and 172-525 GeV. These are the largest
exclusions from a single analysis channel, failing to ex-
clude only the mass region where the WW branching
ratio dominates just above the on-shell WW production
threshold, and in the low-mass region.
These analyses have strong sensitivity to the produc-
tion of a low-mass Higgs boson of roughly 125 GeV,
as can be seen from the four lepton mass distribution
from ATLAS, shown in Fig. 11, and from the invariant
mass distributions of the four lepton candidates versus
the MELA discriminant from CMS shown in Fig. 12.
Both experiments see a significant excess of events.
The ATLAS experiment sees a 3.4σ excess of events com-
patible with a narrow resonance of mass 125 GeV with
a signal strength of 1.3 times the SM expectation. The
CMS experiment sees a 3.2σ excess of events compatible
with a narrow resonance of mass 125.6 GeV with a signal
strength of approximately 0.7 times the SM expectation.
The evidence presented by both experiments of a narrow
resonance with decays to ZZ indicates that a new boson
has been observed, and the use of angular information to
enhance the signal in the CMS case weakly favors spin
zero and parity even as quantum numbers for the new bo-
son though no definitive measurement of these properties
is yet possible. Further characterization of this excess is
FIG. 12: A two-dimensional plot of four lepton invariant mass
versus matrix element likelihood from the CMS experiment.
Data are shown with event by event mass uncertainties while
the expectation of a 125 GeV SM Higgs boson is superimposed
as a temperature plot. The central region around 125 GeV is
highest in probability.
given next.
D. Searches in H →W+W− → ℓ+νℓ−ν¯
The LHC experiments search for inclusive Higgs bo-
son production with the decay H → W+W− →
ℓ+νℓ−ν¯ [177–180]. The decay is not fully reconstructed
because of the neutrinos in the final state. However,
the observation of collinear charged leptons in this de-
cay mode is a distinct signature for the decay of a scalar
particle. Observation of the Higgs boson in this decay
mode also excludes spin one as a potential spin state.
Also, using the production rate from theory, the mode
can be used to determine the Higgs boson coupling to
the W boson or the ratio of W and Z couplings through
comparison with the H → ZZ mode. In addition, by
comparing events with zero or one jet to events with two
forward jets, the gluon fusion and vector boson fusion
production rates can be compared.
The data for the searches are collected using single lep-
ton triggers (ATLAS) and dilepton triggers (CMS). Re-
quirements are made on the transverse momentum of the
charged lepton candidates, the magnitude of the miss-
ing transverse energy and on the E/T direction, which
must not be collinear with other physics objects in the
event. Also E/T measured using the calorimeter and
tracker are compared to require compatibility and reject
events with false E/T . Loose selection on the collinearity
of the charged leptons is imposed to be consistent with
the decay of a spin zero object to a W boson pair with
subsequent leptonic decays.
ATLAS considers only electron and muon events, since
such final state does not have significant Drell-Yan back-
grounds and is substantially more sensitive. CMS divides
events into same flavor, electron or muon, and differ-
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ent flavor, electron and muon, subsamples. Both experi-
ments divide the data into events with zero, one, or two
or more jets. The primary backgrounds are SM direct di-
boson production, W + jets, Drell-Yan, single top, and
tt. The tt background is dominant and the division by
jet counting is designed to isolate the lower jet categories
which have smaller top contributions. In addition b-tag
vetoes are applied including, at CMS, the vetoing of jets
under a jet transverse momentum threshold. The two
experiments apply additional selection criteria to further
take advantage of the collinear nature of the charged lep-
tons in Higgs boson decay to W bosons. In the two jet
analysis the jets are required to have a large rapidity dif-
ference and large jet-jet invariant mass to be consistent
with the forward jets from vector boson fusion.
Both experiments construct orthogonal control regions
to study background kinematics and normalize back-
ground contributions. To study tt¯ and tW backgrounds
a region is constructed with no jet multiplicity selection
(ATLAS), or requiring one b tagged jet above threshold
(CMS). For zero jet events the background is normalized
from this region by extrapolating to the zero jet topology
using top event kinematics from simulation. For events
with jets the background is normalized in these regions
by applying b-tagging and b mistagging rates measured
in a tt¯ dominated region to calculate the number of top
events that fail the b-tagging criteria in the data. In addi-
tion the region with one b-tagged jet can be used to study
the performance of under-threshold b jets to cross-check
the performance of the veto on b-tagged under-threshold
jets that is used in zero jet events used in CMS. A region
with diepton invariant mass larger than 80 GeV (AT-
LAS) or 100 GeV (CMS) is used to normalize the WW
contribution. In ATLAS the contribution of Drell-Yan
events produced off the Z resonance is estimated using
simulation after additional selection on E/T and the trans-
verse momentum of the dilepton system to reduce this
contribution. In CMS, this background is estimated by
measuring the Z resonance rate, subtracting non-Drell-
Yan contributions using µe events, and then extrapolat-
ing the result to the off Z resonance mass range using
the expected distribution of the dilepton mass from sim-
ulation. W+jets backgrounds are estimated using a fully
data driven method relying on identifying a sample of
W+jets events with a second lepton candidate passing
a loose plus antilepton selection (ATLAS), or simply a
loose selection (CMS), and applying false lepton identifi-
cation rates measured from data.
The ATLAS experiment uses the transverse mass of
the Higgs boson to search for the signal, as shown in
Fig. 13, while CMS uses a BDT algorithm to distinguish
signal from background.
These analyses extend the sensitivity of the searches
for pairs of vector bosons to lower masses including sen-
sitivity to masses as low as 125 GeV. The experiments
exclude the ranges greater than 137 GeV (ATLAS) and
129-520 GeV (CMS). No upper limit is placed in the AT-
LAS analysis as the analysis was optimized for low Higgs
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FIG. 13: Distribution of the transverse mass in the zero-jet
and one-jet WW analyses of ATLAS, with both eµ and µe
channels combined. The expected signal for mH = 125 GeV
is shown stacked on top of the background prediction.
boson mass values. Both experiments have the sensitivity
to exclude a Higgs boson at smaller masses but observe
an excess around ≃ 125 GeV. The ATLAS excess has
a local significance of 2.8 σ and corresponds to a signal
strength of 1.4±0.5 times the expected SM rate assuming
a Higgs boson mass of 125 GeV. The CMS experiment
sees a small excess with a local significance of 1.6 σ.
E. Searches in H →WW,ZZ with decays of one
boson to quarks or neutrinos
The ATLAS and CMS experiments conduct inclu-
sive searches for the Higgs boson in the decay modes
H → W+W− → ℓ+νqq¯ [181–183], H → ZZ →
ℓ+ℓ−qq¯ [184, 185] and H → ZZ → ℓ+ℓ−νν¯ [186–188].
Although these search modes have higher backgrounds
than those of the other decay modes to pairs of vector
bosons discussed earlier they have strong sensitivity for
high-mass Higgs bosons where the vector bosons have
high transverse momentum leading to significantly re-
duced backgrounds.
Data are collected on one and two lepton triggers for
the analyses with W and Z bosons, respectively. The
charged leptons are required to pass transverse momen-
tum and identification requirements. In the modes with
Z → ℓ+ℓ− decays the invariant mass of the charged lep-
tons are required to be consistent with the Z boson mass
while in the W → ℓν case the transverse mass formed
from the E/T and the lepton momentum is required to be
consistent with the expected W boson transverse mass.
In the cases where a Z boson decays to neutrinos the
E/T is required to be large. The ATLAS experiment fur-
ther divides this analysis into high and low Higgs boson
mass versions where the E/T is required to be larger in
the high-mass version. Finally, in the cases where the
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vector bosons decay to quarks the jet-jet invariant mass
is required to be consistent with the expectation for aW
or Z boson.
The primary backgrounds are from SM diboson pro-
duction, tt production, and QCD multijet production
where mismeasurement of a jet mimics one of the lep-
tonic signatures. In all of these background processes
the candidate diboson pair is not expected to form a
mass resonance, and the individual vector bosons are not
expected to be boosted. The experiments apply criteria
to exploit these characteristics including requirements on
the boost of individual vector bosons and the opening
angle between vector boson decay products. After se-
lection they search for the Higgs boson using either the
full mass reconstruction (H → ZZ → ℓ+ℓ−qq¯), trans-
verse mass reconstruction (H → ZZ → ℓ+ℓ−νν¯) or full
mass reconstruction applying aW boson mass constraint
in the H → W+W− → ℓ+νqq¯ mode. The experiments
search for a Higgs boson in the range 130-600 GeV, with
varying lower thresholds depending on the analysis, us-
ing 4.7-5.0 fb−1 of 7 TeV collision data per experiment,
while the CMS experiment additionally includes 5.1 fb−1
of 8 TeV collision data in the H → W+W− → ℓ+νqq¯
and H → ZZ → ℓ+ℓ−νν¯ modes. The combined results
provide substantial constraints on the mass of a high-
mass Higgs boson excluding masses from 230 to 600 GeV.
The exclusion is dominated by the H → ZZ → ℓ+ℓ−νν¯
mode although extended in the lower mass range by the
H →W+W− → ℓ+νqq¯ search.
VIII. LHC SEARCHES IN FERMIONIC HIGGS
BOSON DECAYS
A. Searches in H → τ+τ−
The LHC experiments search for the SM Higgs boson
in the tau lepton pair decay mode [189–191]. The Higgs
boson to τ lepton pair branching ratio is 8% to 1.5%
in the Higgs boson mass range of 115-150 GeV, and τ
lepton signals are distinct enough to make this a viable
search mode for all Higgs boson production processes.
However, the production mode with strongest sensitivity
is the vector boson fusion production mode with two as-
sociated forward jets. This mode is of high interest since
observation of Higgs boson production via vector boson
fusion gives direct information on how the Higgs boson
interacts with high-energy longitudinal vector bosons. In
addition it will allow the measurement of the coupling of
the τ lepton to the Higgs boson which should be the first
mode to establish a clear signal in a fermionic decay at
the LHC and is the only accessible leptonic coupling in
the hadron collider environment, prior to the planned lu-
minosity upgrades. The ττ invariant mass obtained in
the CMS vector boson analysis is shown in Fig. 14
The experiments search for events with zero, one, or
two associated jets and oppositely charged τ lepton pairs
in the following ττ decay final states: ee (ATLAS), µµ,
FIG. 14: Distribution of the ττ invariant mass in the com-
bined 7 and 8 TeV data sets for the VBF category of the
CMS τ+τ− analysis. The expected signal for mH = 125 GeV
is shown stacked on top of the background prediction.
eτh, µτh, and τhτh (ATLAS), where e indicates τ → eνν,
µ indicates τ → µνν, and τh where τh indicates the τ
lepton decayed to hadrons and a τ neutrino. Data are
collected on triggers that require one or two charged lep-
tons and in the ATLAS experiment one trigger requires
two high-pT τh candidates (τhτh).
The primary backgrounds are Drell-Yan production,
W+jets production, where one jet is misidentified as a
τ lepton, and tt production. To enhance the presence of
a possible signal relative to backgrounds, the leptons or
sum of hadronic decay products are required to have sub-
stantial transverse energy and the E/T from undetected
neutrinos is required to be collinear with the direction of
the dilepton system. In events with two jets, the two jets
are required to have high momentum and be contained
within the forward calorimeters. There also must be a
large rapidity gap between the two jets consistent with
the vector boson fusion hypothesis. In events with one
jet, the pT of the jet is required to be high to enhance the
Higgs boson candidate boost, which improves separation
of the Higgs boson signal from backgrounds and allows
for a more precise estimate of the Higgs boson mass.
The experiments search for the presence of a Higgs
boson using methods designed to more fully reconstruct
the mass of the Higgs boson by including the E/T in the
calculation and taking advantage of the boosted config-
urations. The ATLAS (CMS) experiments search for a
Higgs boson in the range 110-150 GeV (110-145 GeV) us-
ing 4.7-4.9 fb−1 of 7 TeV collision data per experiment,
while the CMS experiment additionally includes 5.1 fb−1
of 8 TeV collision data. The ATLAS experiment reaches
sensitivity to set limits in the range 3-11 times the ex-
pected SM production rate, while the CMS experiment
reaches sensitivities of 1.3-2.4 times the SM rate. At a
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mass of 125 GeV the CMS experiment sets a limit on
the Higgs boson production cross section of a SM Higgs
boson of 1.1 times the expected SM rate. The sensitivity
of this analysis is sufficient to achieve evidence for this
decay mode using tens of fb−1.
B. Searches in H → bb¯
The LHC experiments conduct searches for associated
production of Higgs bosons with a W or a Z boson
with subsequent decay of the Higgs boson to a pair of
b-quarks [192–194]. The Higgs boson to b-quark pairs
branching ratio is 70% to 40% in the mass range of 115-
135 GeV. However, the b-quark decay signature is not
distinct enough to extract the signal from the background
and the leptonic decay signatures of the massive vector
bosons produced in associated production are also nec-
essary to search for the Higgs boson in this decay mode.
This search is divided into three subsearches by the de-
cay mode of the massive vector boson. The experiments
search for WH → ℓνbb¯, ZH → ℓ+ℓ−bb¯, and ZH → E/T bb¯
where the Z decays to neutrinos, “observed” as E/T . A
charged lepton (ℓ) refers to electrons and muons of both
electric charges. Although this set of production and de-
cay processes is less sensitive than those of many other
Higgs boson search modes, it is important because it can
eventually be used to measure the relative couplings of
the Higgs boson to the W and Z bosons and uniquely
measure its coupling to b quarks.
Data are collected on triggers that require a single
charged lepton for events with W decays, single leptons
(ATLAS ee mode), or pairs of leptons for Z decays to
charged leptons, and either E/T (ATLAS) or E/T+jets
(CMS) for events with Z decays to neutrinos.
Backgrounds such as W+jets, single top and tt, di-
bosons, and QCD multijet production with misidentified
leptons are several orders of magnitude larger than the
signal. To reconstruct a possible signal the analyses make
several additional requirements. Leptons must be fully
reconstructed by both the tracking system and dedicated
lepton identification systems and pass minimum trans-
verse momentum thresholds. Missing transverse momen-
tum must not be collinear with the jets. In addition, the
ATLAS experiment requires that E/T reconstructed using
calorimeter and tracking-based algorithms is consistent,
while the CMS experiment uses particle flow-based ob-
jects to take advantage of all detector subsystems. Two
jets must be identified as b jets, as expected from the
b-quarks from the Higgs boson decay.
Finally in the ZH → E/T bb¯ mode the E/T is required
to be very large. The ATLAS experiment separates the
analysis into separate channels for different ranges of vec-
tor boson pT , while the CMS experiment selects events
based on the transverse momenta of both the vector and
Higgs boson candidates.
The ATLAS experiment uses the invariant mass of the
two b jets to search for Higgs boson candidates within
each channel, and combines the results into a single
search. The CMS experiment uses variables associated
with the above quantities and the dijet invariant mass of
the Higgs boson as inputs to multivariate discriminants
used to distinguish signal from background. The ATLAS
(CMS) experiment search for a Higgs boson in the range
110-130 GeV (100-135 GeV) using 4.7-5.0 fb−1 of 7 TeV
collision data per experiment, while the CMS experiment
additionally includes 5.1 fb−1 of 8 TeV collision data.
The CMS analyses have sensitivity to set limits on the
order of 1 to 5 times the expected SM Higgs boson cross
section, depending on the mass, achieving a sensitivity of
1.6 at a Higgs boson mass of 125 GeV. The sensitivity of
this analysis is be sufficient to achieve evidence for this
decay mode using tens of fb−1.
C. Searches for tt¯H production
The LHC experiments search for associated production
of the Higgs boson with tt¯ where the Higgs boson is ra-
diated from one of the top quarks. The strong coupling
between the Higgs boson and the top quark increases
the probability of such radiation. This process provides
a direct measurement of the top-quark Yukawa coupling,
which is expected to be one indicating maximal coupling.
Statistically it will not be as significant as measuring the
coupling in gluon fusion events, which are dominated by
the top loop diagram, but it will not suffer from theo-
retical uncertainties associated with understanding the
gluon fusion loop process. The ATLAS and CMS exper-
iments have performed an analysis with the full 7 TeV
data set [195, 196] in the final states with two leptons
(CMS only) and with lepton plus jets decay modes of the
top quarks with Higgs boson decay to bb¯. Events with
4-6 (2-6) jets and 0-4 (2-4) b-tagged jets are considered
at ATLAS (CMS). The ATLAS experiment uses the mbb
andHT (total energy) distributions to set limits, while the
CMS experiment uses an MVA discriminant. The CMS
experiment has sensitivity to set limits on the order of
3 to 9 times the expected SM Higgs boson cross section
achieving a sensitivity of 4.6 at a Higgs boson mass of
125 GeV. With a data set on the order of hundreds of
fb−1 it is be possible to directly measure the top quark
Yukawa coupling in this channel.
IX. ATLAS, CMS, AND TEVATRON RESULTS
A. Limits and combination methods
At the LHC and Tevatron limits are calculated using
the modified frequentist CLs approach. At the Teva-
tron, a Bayesian technique is also used. The techniques
have been shown to produce similar results at the level of
about 5%. To facilitate comparisons with the SM and to
accommodate analyses with different degrees of sensitiv-
ity and acceptance for more than one signal production
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mechanism, the limits are divided by the SM Higgs bo-
son production cross section, as a function of Higgs boson
mass, for test masses for which the experiments have per-
formed dedicated searches in different channels. A value
of the combined limit ratio R which is less than or equal
to 1 indicates that that particular Higgs boson mass is
excluded at the 95% C.L. Expected limits are calculated
both for the background only hypothesis (B), for which
only SM background contributions are present in the se-
lected data samples, and for the signal-plus-background
hypothesis. The signal-plus-background hypothesis is
calculated by also including the simulated signal contri-
bution in the limit setting procedure. The limits are gen-
erally determined using the MVA output distributions or
the invariant mass distributions, together with their asso-
ciated uncertainties, as discriminating inputs to the limit
setting procedure.
In the CLs approach, each hypothesis is tested by sim-
ulating the outcome of multiple pseudoexperiments. The
data are assumed to be drawn from a Poisson statistical
parent distribution, and each pseudo experiment result
is obtained by randomly generating pseudodata using a
Poisson distribution for which the mean is taken from ei-
ther the background-only or signal-plus-background hy-
pothesis. To evaluate the statistical significance of each
result a negative Poisson log-likelihood ratio (LLR) test
statistic is evaluated, and the outcomes are ordered in
terms of their contributing statistical significance. The
frequency of each outcome is used to define the shape of
the resulting LLR distributions at each mass point for
both the background-only and signal-plus-background
hypotheses.
Systematic uncertainties in each hypothesis are ac-
counted for by nuisance parameters which are assigned
an a prior probability distribution. These parameters
refer to uncertainties in the expected background contri-
butions and, in the case of the signal-plus-background
hypothesis, also uncertainties on the simulated signal
contribution. The nuisance parameters are Gaussian
and randomly assigned within the parent distribution
for each pseudo experiment. Correlations between the
uncertainties are taken into account. To minimize the
impact of the nuisance parameters the profile likelihood
distribution is maximized over the nuisance parameters
within each pseudo experiment, once for the background-
only and once for the signal-plus-background hypotheses.
Each background is allowed to vary within its uncertain-
ties by varying the nuisance parameters in the fitting
procedure, while the fit is constrained to lie within the
uncertainties.
The expected limits are calculated with respect to
the median of the background-only LLR distribution,
whereas the observed limits are quoted with respect to
the single LLR value of the actual measurement. The
distribution of expected limits can also be analyzed to
understand 1σ and 2σ deviations from median.
This framework can also produce statistical results
quantifying the expectation for and properties of a sig-
nal. Given the SM expectation for signal contributions,
the expected p-value or probability for backgrounds to
fluctuate to the statistical significance of the expected
signal can be computed. Similarly, given an excess in the
data, the observed p-value can be computed. Finally, in
this technique the SM Higgs signal cross section is mul-
tiplied by an arbitrary factor that is fit for the likelihood
minimization allowing for a measurement of the observed
cross section.
B. ATLAS and CMS results
The ATLAS and CMS experiments analyze their data
using the statistical techniques described previously.
Each analysis channel is analyzed separately and within
each experiment the Higgs boson search results are com-
bined [197–201]. Table III summarizes for ATLAS and
CMS, the integrated luminosities, the Higgs boson mass
ranges over which the searches are performed, and refer-
ences to further details for each analysis. Also given are
expected and observed exclusion ranges for SM Higgs bo-
son production at 95% C.L. or for those channels which
do not have sensitivity to limit the SM rate of Higgs bo-
son production at any mass, the expected and observed
limits on cross section for the SM Higgs boson with mass
mH = 125 expressed as a multiplicative factor times the
predicted SM rate. Depending on the mass of a hypothet-
ical Higgs boson, the LHC experiments have the sensitiv-
ity to discover the Higgs boson in individual production
and decay channels. At some masses it is possible to have
observations of the Higgs boson in several channels. The
combination of these results allows the experiments to
achieve larger exclusion ranges over masses where no ev-
idence for a Higgs boson signal is seen, earlier discoveries
in mass ranges where several analysis channels have sen-
sitivity, and comparison among channels to demonstrate
the consistency of a possible signal with a Higgs boson
hypothesis. The LHC experiments are prepared for, but
have not yet produced a joint combination of these re-
sults. For the first discovery the combination of results
from multiple experiments is not preferred since simul-
taneous observation constitutes both an observation and
an independent confirmation of the result.
Over a large region of masses the LHC experiments
observe no evidence for a Higgs boson. The LHC data
show a consistent picture with a high-mass SM Higgs
boson typically excluded by multiple channels. At high
mass the ATLAS experiment excludes the production of
a SM Higgs boson with masses from 131 to 559 GeV
at 95% C.L. and the CMS experiment excludes a region
from 128 to 600 GeV at 95% C.L., where 600 GeV is the
limit of the search range. At low mass the ATLAS exper-
iment excludes the production of a SM Higgs boson with
masses from 111 to 122 GeV at 95% C.L., while the CMS
experiment excludes the region from 110 to 122.5 GeV.
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TABLE II: The most significant excesses seen in ATLAS and CMS results and the combined local and global significances or
P values.
Topology ATLAS Significance and Mass CMS Significance and Mass
H → WW → ℓνℓν 2.8 σ 125.0 GeV 1.6 σ 125.0 GeV
H → ZZ → 4ℓ 3.4 σ 125.0 GeV 3.1 σ 125.6 GeV
H → γγ 4.5 σ 126.5 GeV 4.1 σ 125.0 GeV
Combined Significance 5.9 σ 126.0 GeV 5.0 σ 125.3 GeV
TABLE III: The integrated luminosity, explored mass range, 95% C.L. expected and observed limits, and references for the
ATLAS and CMS analyses. For analyses without SM sensitivity the expected and observed exclusions on cross section normal-
ized to the SM expectation (R) assuming mH = 125 are given. For analyses with SM sensitivity expected and excluded ranges
of mass are given.
ATLAS Channels Luminosity mH range Expected exclusion Observed exclusion Reference
(7+8 TeV, fb−1) (GeV) (Range in GeV, R) (Range in GeV, R)
ttH → ttbb 4.7 110-130 – – [195]
V H → V bb¯ 4.7 110-130 R =4.0 R =4.6 [192]
H → τ+τ− 4.7 100-150 R =3.3 R =3.4 [189]
H → γγ 4.8+5.9 110-150 110-139.5 112-122.5 & 132-143 [167, 168]
H → WW → ℓνℓν 4.7+5.8 110-600 >124.5 >137.0 [177, 178]
H → WW → ℓν2jet 4.7 300-600 – – [181]
H → ZZ → 4ℓ 4.8+5.8 110-600 124-164 & 176-500 131-162 & 170-460 [171, 172]
H → ZZ → 2ℓ2jet 4.7 200-600 351-404 300-322 & 353-410 [184]
H → ZZ → 2ℓ2ν 4.7 200-600 280-497 319-558 [186]
ATLAS Combined 4.7+5.8 110-600 110-582 111-122 & 131-559 [199]
CMS Channels Luminosity mH range Expected exclusion Observed exclusion Reference
(7+8 TeV, fb−1) (GeV) (range in GeV, R) (range in GeV, R)
ttH → ttbb 5.0 110-130 R =4.6 R =3.8 [196]
V H → V bb¯ 5.0+5.1 110-135 R =1.6 R =2.1 [193, 194]
H → τ+τ− 4.9+5.1 110-145 R =1.28 R =1.06 [190, 191]
H → γγ 5.1+5.3 110-150 110-144 – [169, 170]
H → WW → ℓνℓν 4.9+5.0 120-600 122-450 129-520 [179, 180]
H → WW → ℓν2jet 5.0+5.1 170-600 220-515 230-480 [182, 183]
H → ZZ → 4ℓ 5.1+5.3 110-600 121-570 131-162 & 172-525 [173, 174]
H → ZZ → 2ℓ2τ 4.6 190-600 – – [175]
H → ZZ → 2ℓ2jet 4.6 130-600 – – [185]
H → ZZ → 2ℓ2ν 5.0+5.0 200-600 290-530 278-600 [187, 188]
CMS Combined 5.1+5.3 110-600 110-600 110-122.5 & 127-600 [201]
The combined ATLAS and CMS limits are presented in
Figs. 15 and 16, respectively.
At low masses the experiments have the sensitivity to
exclude or observe the Higgs boson. The sensitivities for
observation of a signal are quantified as an expected p-
value for the background to fluctuate to a signal as large
as the median expectation for a SM Higgs boson. The
combined expected p-value at mH = 125 GeV is 4.9 σ
for the ATLAS experiment and 5.8 σ for the CMS exper-
iment. In the region around 125 GeV both experiments
observe an excess of events in multiple search channels.
The experiments evaluate the p values for each channel
separately and for the entire combination and compare
those values with the expected background-only p val-
ues given a SM Higgs boson as a function of mass (see
Fig. 17,18). Information quantifying the most signifi-
cant excesses in the individual search channels was given
previously in the sections describing the different LHC
Higgs boson searches and is summarized along with the
most significant combined excess from each experiment
in Table II. Both experiments observe a Higgs boson sig-
nal with local significances above the evidence level of
3 σ in the ZZ and γγ decay modes and combined sig-
nificances of 5.9 σ at mH = 126 GeV for the ATLAS
experiment and 5.0 σ at mH = 125.3 for the CMS exper-
iment. The ATLAS experiment also evaluates a global
significance over their entire search range assuming no a
priori knowledge of the SM Higgs boson and finds a global
significance of 5.1 σ. The simultaneous observation of a
new particle with mass of approximately 125 GeV con-
stitutes a definitive discovery. The decay modes in which
the particle is strongly observed also indicate that the
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particle is a boson and plays a role in the mechanism of
electroweak symmetry breaking.
The CMS and ATLAS Collaborations measured sev-
eral properties to understand the compatibility of the ob-
served boson with the SM Higgs boson and present the re-
sults in their papers reporting the observations [199, 201].
The experiments fit for the cross section for Higgs bo-
son production given the observed data in each decay
channel and globally combining all decay channels. The
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FIG. 18: CMS local p values [201].The observed p values are
shown with solid curves, and the median expected p value for
the combined search assuming a signal is present at the SM
strength is shown with a dashed curve. Horizontal lines indi-
cate the 1 σ − 7 σ thresholds. The highest local significances
of the ZZ and γγ channels are 3.1σ and 4.1σ respectively
while the combined significance of all channels is 5.1σ.
results are presented as a ratio to the expected SM values
in Figs. 19 and 20 for the ATLAS and CMS experiments,
respectively. Of note are the larger than expected cross-
section times branching ratios seen in the γγ (ATLAS
and CMS) and ZZ (ATLAS) decay modes. These modes
are dominated by gluon fusion production. The com-
bined signal strengths measured by the experiments are
1.4± 0.3 for ATLAS and 0.87± 0.23 for CMS compatible
with the SM Higgs boson expectation. Individual signal
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FIG. 19: ATLAS best-fit signal strength for all SM Higgs
boson decays for mH = 125 GeV/c
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FIG. 20: CMS best-fit signal strength for all SM Higgs bo-
son decays for mH = 125 GeV/c
2. Untagged refers to the
cross section extracted from topologies sensitive to gluon fu-
sion production. The shaded band corresponds to the ± 1σ
uncertainty on the full combination.
strengths in the most sensitive modes were discussed in
the sections on individual searches.
The fully reconstructed decays of the Higgs boson
H → γγ and H → ZZ → ℓ+ℓ−ℓ+ℓ− have excellent
mass resolution. The H → W+W− → ℓ+νℓ−ν¯ decay
mode has substantial rate but has poor mass resolution
due to the two neutrinos in the final state. The ATLAS
experiment measures a mass for the observed boson of
mH = 126.0 ± 0.4(stat) ± 0.4(sys) GeV using all three
decay modes. The individual fits in a two-dimensional
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FIG. 21: The ATLAS two dimensional fit for the cross section
and compared to the SM expectation and the Higgs boson
mass for highest significance decay channels.
FIG. 22: The CMS two dimensional fit for the cross section
and compared to the SM expectation and the Higgs boson
mass for highest significance decay channels and the combined
fit using those channels.
analysis of signal strength versus mass are shown in
Fig. 21. The CMS experiment uses the fully recon-
structed H → γγ and H → ZZ → ℓ+ℓ−ℓ+ℓ− modes to
measure a mass of m = 125.3± 0.4(stat)± 0.5(sys) GeV.
The individual and combined fits are shown in Fig. 22.
The results are compatible with limits from previous
searches and the prediction of the SM Higgs boson mass
from constraints derived from electroweakmeasurements.
If the observed boson is involved in the mechanism of
electroweak symmetry breaking, the measurement of its
coupling to the W and Z bosons is a crucial discrimi-
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nant. The production and decay rates measured by the
experiments are compatible with the SM. The ratio of
the W and Z couplings can be computed by dividing
the production times decay rates for H → WW and
H → ZZ since the production of the Higgs boson takes
place via the same mechanisms.The ATLAS experiment
measures RWZ = 1.07
+0.35
−0.27 [202] and the CMS experi-
ment measures RWZ = 0.9
+1.1
−0.6 consistent with the SM
expectation where both experiments have normalized the
measurement so that the expected value in the SM is 1.
In summary, the LHC experiments extended the LEP
exclusion to 122.5 GeV and further excluded a SM Higgs
boson with mass between 128 and 600 GeV. The ATLAS
and CMS experiments both observe a significant excess
of events in the region around 125 GeV with evidence for
the production of a new boson in the ZZ and γγ decay
modes, with observed local significances of 4.5 σ and 4.1
σ in the γγ mode and 3.4 σ and 3.1 σ in the ZZ mode.
Significant signals (2.8 σ and 1.6 σ) are also observed in
the H → WW decay mode, while the observed signifi-
cance in the fermionic modes (H → ττ and H → bb¯) is
weak, which is not unexpected given the currently low
expected significance in these modes. When combining
all their channels, both experiments independently report
the discovery of a new boson and provide first measure-
ments of its fundamental properties, in agreement with
those expected from a SM Higgs boson with a mass close
to 125 GeV.
C. Tevatron combined results
As in the LHC experiments, to simplify the combina-
tion, the searches are separated into mutually exclusive
final states. Table IV summarizes for each CDF and D0
search the integrated luminosities, the Higgs boson mass
ranges over which the searches are performed, the ratios
of expected and observed limits with respect to SM Higgs
boson expectations achieved for mH = 125 GeV, and the
references to further details for each analysis. Using the
combination procedure outlined in Sec. IX B, limits on
SM Higgs boson production σ × B(H → X) in pp¯ colli-
sions at
√
s = 1.96 TeV for 100 ≤ mH ≤ 200 GeV are
extracted.
The combinations of results from each single exper-
iment [203, 204], as used in this Tevatron combination,
yield the following ratios of 95% C.L. observed (expected)
limits to the SM expectation: 2.4 (1.2) for CDF and
2.2 (1.6) for D0 at mH = 115 GeV, 2.9 (1.4) for CDF
and 2.5 (1.9) for D0 at mH = 125 GeV, and 0.42 (0.69)
for CDF and 0.94 (0.76) for D0 at mH = 165 GeV.
The ratios of the 95% C.L. expected and observed
limits to the SM cross section are shown in Fig. 23 for
the combined CDF and D0 analyses. The observed (ex-
pected) limit values are 1.8 (0.94) at mH = 115 GeV,
2.2 (1.1) at mH = 125 GeV, and 0.39 (0.49) at mH =
165 GeV.
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FIG. 23: Observed and expected 95% C.L. upper limits on
the ratios to the SM cross section, as functions of the Higgs
boson mass for the combined CDF and D0 analyses. The
bands indicate the 68% and 95% probability regions where
the limits can fluctuate, in the absence of signal.
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FIG. 24: The background p values 1-C.L.b as a function of
the Higgs boson mass (in steps of 5 GeV), for the combination
of the CDF and D0 analyses. The green and yellow bands
correspond, respectively, to the regions enclosing 1 σ and 2 σ
fluctuations around the median prediction in the signal-plus-
background hypothesis at each value of mH .
Fig. 24 shows the p value 1-CLb as a function of mH ,
i.e., the probability that an upward fluctuation of the
background can give an outcome as signal-like as the
data or more. In the absence of signal, the p value is
expected to be uniformly distributed between 0 and 1. A
small p value indicates that the data are unlikely to be
explained by the background-only hypothesis. The small-
est observed p value corresponds to a Higgs boson mass
of 120 GeV and has a local significance of 3.0 σ. The
fluctuations seen in the observed p value as a function
of the tested mH result from excesses seen in different
28
TABLE IV: The integrated luminosity, explored mass range, 95% C.L. expected and observed limits on Higgs boson production
cross section relative to the SM expectation (R) assuming mH = 125 GeV, and references for the different CDF and D0 analyses
grouped by the final states (ℓ = e or µ) considered.
CDF Channels Luminosity (fb−1) mH range exp. R obs. R Reference
2 TeV (GeV) 125 GeV 125 GeV
WH → ℓνbb¯ 2-jet & 3jet channels 9.5 100−150 2.8 4.9 [113]
ZH → ℓ+ℓ−bb¯ 2-jet & 3 jet channels 9.5 100−150 3.6 7.2 [117]
ZH → νν¯bb¯ 2-jet & 3jet channels 9.5 100−150 3.6 6.8 [121]
H → W+W− & WH →WW+W− & ZH → ZW+W− 9.7 110−200 3.1 3.0 [145]
H → γγ 10.0 100−150 9.9 17.0 [129]
H → ZZ (four leptons, limits are given at 130 GeV) 9.7 120−200 18.3 20.5 [151]
H → W+W− (eτh)+(µτh) & WH →WW+W− (1 τh) 9.7 130−200 . . [150]
H + X → τ+τ− (1 jet)+(2 jet) 8.3 100−150 14.8 11.7 [125]
WH → ℓντ+τ−/ZH → ℓ+ℓ−τ+τ− 6.2 100−150 23.3 26.5 [126]
WH + ZH → jjbb¯ (SS,SJ) 9.5 100−150 9.0 11.0 [107]
tt¯H →WWbb¯bb¯ (no lepton) - (lepton) 5.7-9.5 100−150 12.4 17.6 [131, 132]
D0 Channels Luminosity (fb−1) mH range exp. R obs. R Reference
2 TeV (GeV) 125 GeV 125 GeV
WH → ℓνbb¯ 2-jet & 3jet channels 9.7 100−150 4.7 5.2 [114]
ZH → ℓ+ℓ−bb¯ 2-jet & 3jet channels 9.7 100−150 5.1 7.1 [118]
ZH → νν¯bb¯ 2-jet channel 9.5 100−150 3.9 4.3 [122]
H → W+W− → ℓ±νℓ∓ν 8.6-9.7 115−200 3.6 4.6 [146]
H → γγ 9.7 100−150 8.2 12.9 [130]
H → W+W− → µντhν 7.3 115−200 12.8 15.7 [127]
H → W+W− → ℓν¯jj 5.4 130−200 . . [149]
H+X→ℓ±τ∓h jj 4.3-6.2 105−200 40.0 44.0 [127]
V H → ττµ+X 7.0 115−200 17.6 13.1 [128]
V H → e±µ± +X 9.7 115−200 11.6 7.8 [147]
V H → ℓℓℓ+X 9.7 100−200 11.1 19.3 [148]
search channels, as well as from point-to-point fluctua-
tions originating from the separate discriminants used at
each mH , as next discussed in more detail. The width
of the dip from 115 to 135 GeV is consistent with the
combined resolution of the H → bb¯ and H → W+W−
channels. The effective resolution of this search comes
from two independent sources.: the reconstructed candi-
date masses, which directly constrain mH , and the ex-
pected cross sections times the relevant branching ratios
for the H → bb¯ and H → W+W− channels, which are
functions of mH in the SM. The observed excess in the
H → bb¯ channels coupled with a less signal-like outcome
in the H → W+W− channels determines the shape of
the observed p value as a function of mH .
The strongest sensitivity at low mass comes from the
H → bb¯ channels. The largest local significance in the
combination of H → bb¯ channels is 3.3 σ at a mass of
135 GeV, while it is 2.8 σ at 125 GeV [108].
In Fig. 25, the signal strength is allowed to vary as a
function of mH in the fit of the signal-plus-background
hypothesis to the observed data over the full mass range.
As shown, the resulting best-fit signal strength normal-
ized to the SM prediction is within 1 σ of the SM ex-
pectation for a Higgs boson signal in the range 110 <
mH < 140 GeV. The largest signal fit in this range, nor-
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FIG. 25: The best-fit signal cross section of all CDF and D0
search channels combined shown as a ratio to the SM cross
section as a function of the tested Higgs boson mass. The
horizontal line at 1 represents the signal strength expected
for a SM Higgs boson hypothesis. The blue band shows the
1 σ uncertainty on the signal fit.
malized to the SM prediction, is obtained at 130 GeV,
rather than for the smallest p-value mass of 120 GeV,
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since the similar excesses for these two mass hypothe-
ses translate into a higher signal strength at 130 GeV.
The excess in signal-strength around 200 GeV occurs in
a region of low expected sensitivity (∼1 σ) and with an
unphysically narrow mass range; thus it cannot be at-
tributed to a SM Higgs boson signal at high mass.
At the Tevatron the look-elsewhere effect (LEE) is es-
timated in a simplified and conservative manner. In the
mass range 115–150 GeV, where the low-mass H → bb¯
searches dominate, the reconstructed mass resolution is
approximately 15%. A LEE factor of ≃ 2 is thus esti-
mated for the low-mass region. The H → γγ searches
have a much better mass resolution, of the order of 3%,
but their contribution to the final LLR is small due
to the much smaller signal-to-background ratio in those
searches. The H → τ+τ− searches have both worse re-
constructed mass resolution and lower signal to back-
ground ratio than the H → bb¯ searches, and therefore
similarly do not play a significant role in the estimation
of the LEE. The H →WW channel has the poorest mass
resolution and therefore contributes weakly to the LEE.
For the combined search of all Tevatron channels, with
a conservative LEE of ≃ 4 to take into account the full
range over which the search was performed, the global
significance of the excess observed at low mass is approx-
imately 2.5 σ
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FIG. 26: The best-fit cross section times branching ratio
σWH + σZH × B(H → bb¯) as a function of mH measured at
the Tevatron.
Applying the low-mass LEE to the most significant
local p value obtained from the CDF+D0 H → bb¯ com-
bination, a global significance of approximately 3.1 σ is
obtained, resulting in evidence for the production of a
resonance in the b-flavored dijet mass distribution, pro-
duced in association with a massive vector boson. Given
the mass resolution in this final state, this resonance is
consistent with the new boson observed by the LHC ex-
periments, and provides the first evidence for fermionic
decays of this boson.
The measured cross section times branching ratio
σWH + σZH × B(H → bb¯) is shown in Fig. 26 as a func-
tion of mH . The resulting value is 0.23
+0.09
−0.08 pb for mH
= 125 GeV, consistent with the corresponding SM pre-
diction of 0.12 ± 0.01 pb. The best fit signal cross sec-
tion from the combined CDF and D0 analyses separated
into the different Higgs boson decay channels is shown in
Fig. 27, assuming mH = 125 GeV.
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FIG. 27: Best-fit signal strength for the three most sensitive
boson decay modes at the Tevatron, for mH = 125 GeV/c
2.
The shaded band corresponds to the ± 1σ uncertainty on the
full combination.
In summary, at the Tevatron, when combining all
search channels, there is significant excess of data events
with respect to the background estimation in the mass
range 115 < mH < 135 GeV. The p value for a back-
ground fluctuation to produce such an excess corresponds
to a local significance of 3.0 σ at 120 GeV. The largest
excess is observed in the H → bb¯ channels, with a local
significance of 3.3 σ, which results in a global significance
of ≈ 3.1 σ when accounting for look-elsewhere effects.
The CDF and D0 Collaborations thus report evidence
for the production of a resonance in the b-flavored dijet
mass distribution produced in association with a massive
vector boson, consistent with the new boson observed by
the LHC Collaborations. The measured cross section for
this process is consistent with the cross section expected
for a SM Higgs boson of 125 GeV produced in association
with a W or a Z boson.
D. Conclusion and prospects
The LHC experiments have discovered a new boson
with mass around 125 GeV and have evidence for this
particle in several decay modes. The Tevatron exper-
iments report evidence for a particle, produced in as-
sociation with W or Z bosons and which decays to bb¯,
with a mass compatible to that reported by the LHC ex-
periments. The production and decay modes that have
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been observed indicate that this boson plays a role in the
mechanism of electroweak symmetry breaking and also
in the mass generation for the quarks. The properties
of this boson are compatible with those expected for a
SM Higgs boson but more study is required to fully ex-
plore the nature of this discovery. The discovery of a new
boson with properties indicating that it plays a role in
electroweak symmetry breaking is a major breakthrough
in fundamental physics.
The LHC experiments expect to integrate up to 30 fb−1
of data at 8 TeV center of mass energy by late 2012.
These data should be sufficient to make first measure-
ments of all accessible parameters of the boson assuming
SM-like behavior. After the 2012 run the LHC is ex-
pected to undergo a long shutdown to upgrade the energy
and luminosity capabilities of the accelerator, to near the
design parameters of 14 TeV and 100 fb−1 per year. Data
taken after the upgrades should allow for precision mea-
surements of the boson’s properties and exploration of
non SM physics associated with the boson.
After completion of this review, additional data taken
by the ATLAS and CMS collaborations confirmed that the
new discovered boson is a Higgs boson, while the current
precision of its measured properties does not yet allow
one to definitely identify it as the standard model Higgs
boson.
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